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Introduction 
 
Nematodes, or rather the members of the highly diverse phylum Nematoda, represent 
the most numerous multicellular animals on earth. At least one million nematode species 
are estimated to exist, of which only 28 thousand species have been described to date. 
Nematodes live in nearly every imaginable habitat on Earth. Most of them are free-
living inhabitants of soils and sediments that feed on bacteria, algae, fungi, and other 
small animals (including other nematodes). A minority of the nematodes, however, is 
parasitic, and takes advantage of animals and plants as hosts. The most notorious plant 
parasites are the sedentary cyst and root-knot nematodes. They are accountable for 
most of the global damage done to food crops by nematodes. The sedentary plant 
nematodes are truly fascinating organisms, as they have evolved sophisticated strategies 
to feed on plant tissue by creating complex permanent feeding structures. The feeding 
structures allow them to have intimate contact with a plant for extended periods of time. 
All this time the sedentary nematodes are living at the expense of the host without being 
noticed. While root-knot nematodes have a rather wide host range, cyst-forming 
nematodes usually only parasitize members of the same plant family. The cyst nematode 
genus Globodera consists of thirteen species, of which economically the most important 
are G. rostochiensis, G. pallida, G. mexicana and G. tabacum. These four species develop 
exclusively on plant roots of the Solanaceae family, including important food crops such 
as potato and tomato.  
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Potato 
Potato (Solanum tuberosum) is the fourth most important food crop in the world. More than 
19 million ha of potatoes are grown worldwide, representing an economic value of more than 
31 billion US$ (http://www.potato2008.org/en/world/index.html). The first tuber-bearing 
potato species were domesticated about 7000 years ago in the Andean mountains of southern 
Peru and northern Bolivia. This gave rise to the diploid Solanum stenotonum, from which all 
currently known cultivated potato species stem (Hawkes, 1990).  In the 16th century, potato 
tubers were brought to the Canary Isles and from there to mainland Europe by Spanish 
explorers (Bradshaw and Ramsay, 2005). Potato plants are cultivated by vegetative 
propagation of tubers, most of which are tetraploids with a somatic chromosome number of 
2n=4x=48.  Potato tubers are rich in carbohydrates, potassium, sodium, and proteins of high 
biological value (Camire et al., 2009), which makes them a valuable staple for everyday 
consumption. Potato production is threatened by as many as 266 different pathogens 
(Mendoza, 1987), of which the most devastating is the potato late blight pathogen 
Phytophthora infestans. It is thought that the introduction of wild potato species for the 
breeding of resistance against potato late blight also accidently introduced potato cyst 
nematodes in Europe (Hawkes, 1990; Draaistra, 2006).  
 
Potato cyst nematodes 
The common name potato cyst nematode (PCN) refers to the two sister species Globodera 
rostochiensis (Wollenweber) Behrens and G. pallida (Stone) Behrens. All Western Europeans 
PCN populations originate from the same area in the south of Peru, located between the north 
shore of the Lake Titicaca and Cusco (Plantard et al., 2008). Along with the spread of potato, 
potato cyst nematodes were introduced in most of the potato growing regions in the world. In 
some areas PCN-free soil has become an expensive commodity. The wide distribution of 
PCN is a problem for potato production, as high infection rates can lead to 80% loss in crop 
productivity (EPPO) 
PCN rely for their survival and reproduction entirely on the successful transformation 
of host cells into a permanent feeding structure (Gheysen and Mitchum, 2009; Sobczak and 
Golinowski, 2009). The infection process of PCN starts when second stage infective juveniles 
hatch from eggs in the soil, following the perception of plant-derived compounds in host root 
exudates. The freshly hatched juveniles migrate towards the host plant roots to invade these 
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roots close to the root tip. Next, the nematodes penetrate the root cortex intracellularly, while 
using the brute force of the oral stylet and plant cell wall-degrading enzymes in stylet 
secretions. The destructive behavior of PCN in the cortex causes a lot of damage to the plant 
cells along the migratory tracts. However, after being inside the cortex for a short while the 
behaviour of the nematodes changes into a subtle probing of cortex cells. This careful probing 
ends when PCN select a host cell to transform it into an initial syncytial cell – the beginning 
of a permanent feeding structure. PCN inserts its stylet subtly into the initial syncytial cell, by 
piercing only the plant cell wall, but never the plasmalemma (Davis et al., 2004). The initial 
syncytial cell then expands further, first radially to the vascular cylinder and then along the 
xylem, into a large multicellular syncytium formed by local cell wall dissolution and 
subsequent fusion of neighbouring protoplasts (Jones and Northcote, 1972). The 
transformation of the host cells into a permanent feeding structure involves the re-entry of the 
host cells into the G1-phase of the mitotic cell cycle and further. As part of the transformation 
process, the host cells undergo repeated cycles of endoreduplication and massive 
transcriptional reprogramming.  
At the beginning of the sedentary phase of the infection cycle the nematodes lose most 
of their longitudinal somatic muscles and by consequence the ability to move. Nematodes 
thus become completely dependent on plant assimilates provided by the permanent feeding 
structure. After 4-6 weeks of feeding the males regain their mobility to inseminate the adult 
females. The inseminations also mark the end of the active feeding period for the females. 
After another two weeks, the gravid females die and their body walls harden into protective 
cysts that still contain the fertilized eggs (Williamson and Hussey, 1996). Inside the cysts the 
embryos continue their development into first and second stage juveniles, which go into 
dormancy to overwinter.  
 
Resistance to potato cyst nematodes 
It is difficult to control PCN by the application of pesticides and crop rotation schemes alone.  
The nematodes spend most of their life either inside plant roots or in the protective cyst, 
wherein they are not accessible and largely insensitive to pesticides. The dormant juveniles in 
the cysts persist for many years in the soil in absence of a host plant, which makes crop 
rotation not so effective either. The use of resistant cultivars is therefore pivotal in the 
management of PCN. Natural nematode resistances are introduced in crop plants from wild 
relatives or even from other species by classical breeding. Exploiting natural resistances is 
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complex and requires knowledge about their origin (taxonomy), the way they are inherited 
(genetics), the underlying genes (molecular biology), and their diversity and organization in 
the genome (genomics). The identification of genes underlying these resistance traits and 
insight into their modes of action helps to obtain durable resistance and even to genetically 
engineer new resistance specificities.  
 Potato breeding of nematode resistant cultivars started with the identification of the 
H1 resistance gene against G. rostochiensis (at that time known as Heterodera rostochiensis) 
in Solanum tuberosum ssp. andigena (Ellenby, 1952). Since then as many as fourteen PCN 
resistance gene loci, conferring partial or quantitative resistance, have been mapped on eight 
linkage groups in potato. These loci originate from potato species like S. tuberosum ssp. 
andigena, S. vernei, S. spegazzinni, S. tuberosum ssp. tuberosum, S. tarijense and S. 
sparsipilum (reviewed in Chapter 2). Near-absolute resistances to PCN pathotypes have been 
mapped on four resistance loci located on three different potato chromosomes.  
Only three major PCN resistance genes have been characterized at the molecular level 
so far, viz. Gpa2 from S. tuberosum ssp. andigena (Van der Vossen et al., 2000), Hero from 
Lycopersicon pimpinellifolium (Ernst et al., 2002) and Gro1-4 from S. spegazzinni (Paal et al., 
2004). They all encode so-called NB-ARC-LRR proteins, and as such are representatives of 
the largest class of resistance genes in plants. Gpa2 is a CC-NB-ARC-LRR gene and belongs 
to a small cluster of resistance gene homologs on chromosome XII in potato, also including 
the Rx1 gene that confers resistance the potato virus X (PVX). Gpa2 and Rx1 are nearest 
neighbours in the potato genome and share 87% amino acid identity. By exchanging parts of 
the LRR domains between these two resistance genes, it was possible to switch from virus 
resistance to nematode resistance, and vice versa (Koropacka, 2010). Hero gene belongs to 
the large CC-NB-ARC-LRR cluster on tomato chromosome 4 and contains an unusual amino 
acid repeat in the LRR region (Ernst et al., 2002). Gro1-4 represents a different type of 
resistance protein that belongs to the class of TIR-NB-ARC-LRR proteins. It also resides in a 
gene cluster of at least eight homologs spread over a 400 Kb region in the genome of potato. 
These eight genes are homologous to resistance genes mapping to a syntenic region on 
chromosome 7 of tomato (S. lycopersicum), which is tightly linked to the Fusarium 
oxysporum resistance gene locus I-3/I-1 (Paal et al., 2004).  
 
Effectors in cyst nematode secretions 
Fundamental to breeding for nematode resistance is a thorough understanding of the 
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molecular strategies deployed by nematodes inside host plants. In other words, it is important 
to know how nematodes activate and break resistances in host plants. Even though there still 
is little corroborating experimental evidence, it is thought that effectors in the stylet secretions 
of nematodes activate resistance responses in plants. All plant parasitic nematodes are 
equipped with an oral stylet to perforate plant cell walls, take up plant cell cytoplasm, and 
inject secretions into host cells. The stylet secretions of PCN are produced in three esophageal 
glands – one dorsal and two subventral glands. The esophageal glands are hypertrophied and 
unicellular, and have a long cytoplasmic extension that terminates in an ampulla. The ampulla 
connects the gland cell to the esophagus via a complex valve. The two gland types differ in 
the timing when their activity peaks and in the composition of their secretions. The subventral 
glands are most active during nematode migration at the start of the infection and produce a 
wide repertoire of plant cell wall degrading enzymes, such as cellulases, pectate lyases, and 
expansins (Smant et al., 1998; Popeijus et al., 2000; De Boer et al., 2002; Qin et al., 2004; 
Kudla et al., 2005; Kudla et al., 2007; Vanholme et al., 2007; Rehman et al., 2009a). The 
subventral glands further produce many other proteins, however their functions in nematode 
parasitism are not well understood (Gao et al., 2003). For example, all sedentary plant-
parasitic nematodes produce in the subventral glands venom allergen-like proteins and 
chorismate mutases that have elusive roles in plant-parasitism (Ding et al., 2000; Gao et al., 
2001). 
The secretions produced in the dorsal gland are thought to be important for induction, 
maintenance, and protection of the permanent feeding structure of the nematode. The 
transformation of host cells into a feeding structure involves a massive plant cell 
reprogramming, which is likely brought about by the concerted action of many different 
effectors. To this purpose the dorsal gland produces a stunning diversity of effectors, most of 
which have no similarity to proteins in other organisms. Only a few of these effectors have 
been functionally characterized in greater detail. Based on these studies, it seems that some of 
the dorsal gland effectors change plant cell development by modulating the activity of host 
proteins, while others act as mimics of regulatory host proteins. For instance, the dorsal gland 
specific effector 10A06 of the beet cyst nematode Heterodera schachti interacts with 
spermidine synthase in Arabidopsis thaliana, and so changes host plant development (Hewezi 
et al., 2010). By contrast, the cyst nematode CLE peptides mimic plant CLAVATA-
3/Endosperm surrounding region (CLE) peptides that play a role in shoot meristem 
differentiation, root growth, and vascular development (Wang et al., 2005; Lu et al., 2009).   
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The largest effector gene family found in potato cyst nematodes to date is the 
SPRYSEC family (represented in G.pallida by RBP-1 family), which consists of SPRY-
domain containing secretory proteins. The SPRYSEC effectors are positively selected, 
suggesting that changes in amino acid sequence at specific sites in SPRYSECs are highly 
favorable for the nematodes (Rehman, 2008; Jones et al., 2009; Rehman et al., 2009b; Sacco 
et al., 2009). One of the SPRYSECs in G. rostochiensis interacts with a CC-NB-ARC-LRR 
protein encoded by resistance gene homolog SW5F (Rehman et al., 2009b). Because transient 
co-expression of this SPRYSEC effector with SW5F does not induce a typical hypersensitive 
response, it is hypothesized that this SPRYSEC binds to this resistance protein homolog to 
suppress innate immunity. By contrast, the SPRYSEC effector RPB-1 from G. pallida elicits 
a hypersensitive response when it is co-expressed with the nematode resistance protein Gpa2, 
however it is not clear whether this latter SPRYSEC physically interacts with Gpa2 (Sacco et 
al., 2009). 
 
Plant innate immunity 
Plants have evolved multiple defense mechanisms to protect themselves against attacks by a 
vast number of microbes and pests. Most of the potential attackers are not able to break 
through the constitutive physical and chemical barriers of a plant. But, those that do pass 
these first passive lines of defense encounter a multilayered active innate immune system. 
The first layer depends on the recognition of highly conserved pathogen-associated molecular 
patterns (PAMPs) by extracellular plant pattern recognition receptors. The recognition of 
PAMPs by plant immune receptors can lead to so-called PAMP-triggered immunity (PTI) 
(Jones and Dangl, 2006). Some plant pathogens use effectors to specifically suppress PTI 
(Boller and He, 2009).  However, plants have evolved resistance genes (R genes) encoding 
immune receptors that recognize these effectors in a highly specific fashion. The specific 
recognition of effectors by immune receptors activates so-called effector-triggered immunity 
(ETI) (Jones and Dangl, 2006).  
The recognition of effectors most likely triggers conformational changes in resistance 
proteins that activate specific immune signaling cascades.  These immune signaling cascades, 
including mitogen-activated protein kinases and WRKY transcription factors, lead to the 
activation of defense-related genes. The final outcome of effector-triggered immunity is often 
a localized programmed cell death in host cells around the infection site, which is referred to 
as a hypersensitive response (Van Ooijen et al., 2008). How resistance proteins recognize 
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effectors is a subject of intense debate. Despite many attempts, it has proven to be difficult to 
show direct physical interaction between resistance proteins and their cognate effectors. For 
only a few resistance proteins including bacterial wilt, rice blast and flax rust resistance 
proteins is there experimental data showing that the LRR domain physically interacts with a 
pathogen effector (Jia et al., 2000; Deslandes et al., 2003; Dodds et al., 2006; Catanzariti et 
al., 2010). It is therefore assumed that most resistance proteins detect their cognate effectors 
indirectly by the modifications these effectors bring about to other plant proteins. The plant 
resistance proteins are thus considered as guards of other host molecules (guardees) (Van Der 
Biezen and Jones, 1998; Dangl and Jones, 2001). 
So far, there is no evidence that PTI plays a major role in plant resistance to potato 
cyst nematodes. Host invasion by potato cyst nematodes is quick and ruthless, leaving little 
scope for plant cells to activate PTI. However, PTI may be important during the first 
transformation of a host cell into the initial syncytial cell. At this stage, the sedentary 
nematodes are in prolonged and intimate contact with host cells, which makes them more 
vulnerable to recognition by plant immune receptors. There is ample evidence that plants 
protect themselves against sedentary nematodes with major resistance genes (Williamson and 
Kumar, 2006). The resistance responses mediated by these nematode resistance genes 
culminate in hypersensitive responses in or around the nematode-induced feeding structures. 
The elimination of the feeding structure by the hypersensitive responses effectively stops or 
diminishes feeding by nematodes. As a consequence of the food shortage the sedentary 
nematodes die or differentiate into males, which need less food.  
 
Suppression of plant innate immunity 
Some plant pathogens have evolved the means to evade or to suppress effector-triggered 
immunity (Abramovitch and Martin, 2004; Jones and Dangl, 2006; Metraux et al., 2009). The 
evasion of effector-triggered immunity is achieved by mutations in the effector protein by 
diversifying selection, such that the plant no longer recognizes the effector. Alternatively, 
pathogens sometimes lose compromised effectors altogether, suggesting that the pathogen 
population is able to compensate for any associated loss in pathogen fitness (Jones and Dangl, 
2006). A third strategy observed in other plant pathogens is the direct suppression of ETI by 
novel effectors (Abramovitch et al., 2003; Jamir et al., 2004; Bos et al., 2009; Kelley et al., 
2010; Kim et al., 2010; Oh et al., 2010). If, and how, sedentary plant-parasitic nematodes 
evade or suppress plant innate immunity is not known. But, given that the permanent feeding 
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structure is so important for sedentary nematodes, it is nonetheless thought that these 
nematodes are skilled users of immune suppressors to protect their feeding structures.  
 
Outline of the thesis 
This thesis is a study on both the effectors of potato cyst nematodes (G. rostochiensis) and 
nematode resistance genes in potato, which together determine the outcome of accidental 
encounters between the two organisms. In Chapter 2, we review the current literature on 
different strategies that plants use to avoid and to eliminate the nematode infections. The 
review describes various aspects of resistance to nematodes in plants, including pre-
infectional, non-host, and host resistance. It also gives an overview of the current status of the 
mapping, cloning, and exploitation of nematode resistance genes. 
In Chapter 3, we describe a fine genetic map of the Grp1 locus underlying partial 
resistance to the two potato cyst nematode species (G. rostochiensis and G. pallida). The 
region to which Grp1 resistance maps is now reduced to 1.08 cM on chromosome V of 
potato. Grp1 is a QTL and we discuss the possibility that one or more tightly linked NB-
ARC-LRR resistance genes located in this genomic region of potato underlie the nematode 
resistance. 
Chapter 4 presents a physical map of three haplotypes of the nematode resistance 
locus H1. In contrast to Grp1, the H1 locus confers major resistance to G. rostochiensis, 
which is likely encoded by a single dominant gene. A comparative sequence analysis 
surprisingly shows lack of recombination and synteny between the three haplotypes.  
 Nematode resistance genes in potato are overcome by resistance-breaking strains of G. 
rostochiensis and G. pallida. It is likely that nematode suppressors of plant immunity play an 
active role in breaking nematode resistance. Despite this widely held believe no experimental 
evidence to substantiate this has been published before.  In Chapter 5 we report the discovery 
of the first nematode effector suppressing plant innate immunity - Nematode Suppressor of 
Immunity 1 (NSI-1) from Globodera rostochiensis. We show that NSI-1 belongs to the large 
effector gene family and we describe the functional analysis of NSI-1 family members. 
 Finally, in Chapter 6 we further discuss our findings and their implications for future 
breeding of nematode resistance in potato. 
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Abstract 
 
Resistance to nematodes takes place at different functional and morphological levels. 
The first level of resistance is the so-called pre-infectional resistance and occurs before 
the nematode has had a chance to enter the plant. Plants have evolved a second level of 
basic resistance, called non-host immunity, against pathogens that can overcome this 
first level of resistance. The non-host immune system has many similarities to the innate 
immune system of animals. Host resistance, however, is only effective against particular 
(sub)populations of the pathogen, mostly within a species. Identification of genes 
underlying quantitative and qualitative nematode disease resistance is the first step in 
increasing our knowledge of the different resistance gene mechanisms. Ultimately, 
understanding the mechanisms underlying the co-evolution between host plant 
resistance and nematode (a)virulence is essential for the development of durable crop 
protection strategies. 
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Introduction 
Plants are constantly under attack from a wide range of pathogens and pests including 
bacteria, viruses, fungi, oomycetes, insects, and nematodes. Fortunately, the majority of 
plant–pathogen interactions are incompatible due to the failure of the pathogen to localize a 
potential host plant or to recruit the appropriate battery of modifying enzymes needed for 
parasitism. In addition, co-evolution between plants and pathogens has resulted in the 
development of an immune system, which, in contrast to animals that have both an adaptive 
and an innate immune system, is completely innate (Zipfel and Felix, 2005). This defense 
system is composed of overlapping layers including non-host immunity (e.g. specific 
recognition of nonspecific pathogen-derived components), host resistance, which is only 
effective against a specific pathogen race or population, and induced systemic resistance 
(ISR). The development of molecular techniques has made it possible to gradually uncover 
the mechanisms underlying the different layers of disease resistance in plants. In the last 
decade an increasing number of defense-related genes involved in resistance to various 
pathogens have been isolated from different plant species, and several elicitors of defense 
responses were identified from a wide range of pathogens (reviewed by Bonas and Lahaye, 
2002). However, the molecular mechanisms underlying resistant plant responses to parasitic 
nematodes are still largely unknown. 
Cyst and root-knot nematodes are major pathogens of a number of agronomically important 
crops such as cereals, soybean, potato, tomato, and sugar beet. The lack of natural enemies 
and the shortage of adequate resistance genes in crop plants are factors that underlie the very 
substantial damage caused by these organisms. The estimated worldwide losses caused by 
plant-parasitic nematodes are about US $ 125 billion annually (Chitwood, 2003). One way to 
control them is the use of nematode resistant cultivars. To that end a broad range of 
resistances to either cyst or root-knot nematode species have been identified over the years in 
several crop species in order to develop durable crop protection strategies (Williamson and 
Hussey, 1996; Williamson, 1998; Jung and Wyss, 1999; Williamson, 1999; Bakker, 2002). 
To date, five genes conferring resistance to cyst and root-knot nematodes have been isolated 
from beet (Cai et al., 1997), potato (Van der Vossen et al., 2000; Paal et al., 2004), and tomato 
(Milligan et al., 1998; Vos et al., 1998; Ernst et al., 2002), which allow structural and 
functional analyses to unravel their role in nematode recognition and the activation of a 
disease resistance response. The corresponding nematode-derived elicitors, however, are not 
yet identified. Many aspects of disease resistance signaling in response to plant-parasitic 
CHAPTER2 
 
 20 
nematodes are thought to resemble the mechanisms underlying the defense responses to other 
plant pathogens, which are often better characterized. Therefore, the aim of this chapter is not 
only to present a comprehensive overview of the molecular genetic aspects involved in plant 
resistance responses to cyst and root-knot nematodes, but also to place this in the context of 
what is currently known in the field of disease resistance in general. 
 
Pre-Infectional Resistance 
Before a pre-parasitic juvenile from cyst and root-knot nematodes is able to parasitize a plant 
species, it has to hatch from the egg, become attracted to the plant roots and penetrate the 
plant tissue. If the infective juvenile is blocked at any of these stages, the plant apparently is 
not a suitable host for this particular nematode and therefore de facto resistant. Because this 
resistance occurs before the pre-parasitic nematode has had a chance to enter the plant, we 
will refer to this type of resistance as pre-infectional resistance. 
Eggs of sedentary endoparasitic nematodes hatch under the influence of plant components 
released by the plant into the soil. In 1953, Jones and Winslow noticed that pre-parasitic 
juveniles from beet, potato, and carrot cyst nematodes hatch when soaked in root diffusates of 
their respective hosts but not when soaked in root diffusates of non-hosts. However, 
sometimes infective juveniles do hatch in the presence of certain plant species that cannot be 
successfully parasitized by the nematode. Apparently, nematode infection is then blocked at a 
later stage of the infection process. Such phenomena can be of great agronomical value 
because these plants can be used as so-called trap crops to reduce the number of cysts in the 
soil. For instance, the density of cysts from the soybean cyst nematode Heterodera glycines 
was reduced between 70 and 90% after cultivation of the non-host species Crotalaria juncea 
and C. spectabilis when compared to fallow (Kushida et al., 2003). Interestingly, it was also 
noticed that the number of juveniles entering the C. juncea and C. spectabilis roots did not 
differ significantly from those entering the susceptible soybean roots. 
Plant cells are protected by the presence of a rigid cell wall to ward off foreign invaders. 
However, based on several studies regarding nematode infection of resistant and susceptible 
cultivars as well as host and non-host plants (reviewed by Kaplan and Keen, 1980a) it can be 
concluded that nematodes freely penetrate roots of host and non-host alike and that these 
mechanical barriers rarely appear to be effective against plant-parasitic nematodes. The 
presence of a typical robust hollow spear (stylet) located in the head region of the nematode 
enables the nematode to overcome this major barrier. The action of stylet thrusting combined 
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with the release of cell-wall degrading enzymes via this stylet facilitate the penetration of the 
root and subsequent migration of endoparasitic nematodes to the appropriate feeding site. 
In some cases, plants can prevent nematode invasion with a chemical barrier by releasing 
naturally occurring nematicides or repellants. For instance, the ornamental grass species 
Eragrostis curvula has a high concentration of pyrocatechol in its roots, preventing 
Meloidogyne species from entering (Scheffer et al., 1962) and cucumbers harboring the 
dominant Bi (bitter) locus attract far fewer M. incognita juveniles than near isogenic 
cucumbers that lack this locus (Da Costa and Jones, 1971). 
 
Non-host Immunity to Nematodes 
Plants have evolved a so-called non-host immune system, against pathogens that can 
overcome constitutive barriers as mentioned in the previous section, that has many similarities 
to the innate immune system of animals (Zipfel and Felix, 2005). This type of resistance is 
based on the recognition of nonspecific factors, which can be wound- and injury-related 
structures indirectly derived from pathogens upon infection (Matzinger, 2002) or pathogen-
associated molecular patterns (PAMPs) directly derived from pathogens themselves (Janeway 
Jr and Medzhitov, 2002). PAMPs have to be functionally important components because they 
are shared between all members of a certain pathogen group (Chisholm et al., 2006). To date, 
a number of PAMPs have been identified including flagellin from bacteria, and xylanase and 
chitin from fungi (reviewed by Nürnberger and Lipka, 2005). 
Currently, two plant receptors have been identified that are involved in the recognition of 
nonspecific elicitors, i.e. FLS2 from A. thaliana, which recognizes flagellin (Gomez-Gomez 
and Boller, 2000) and LeEIX from tomato, which recognizes xylanase (Ron and Avni, 2004). 
Interestingly, FLS2 consists of a protein kinase, a trans-membrane domain, and an 
extracellular leucine-rich repeat and thereby resembles the XA21 protein from rice that 
confers host-specific resistance to Xanthomonas oryzae (Song et al., 1995). The LeEIX 
receptor also has a trans-membrane domain and an extracellular leucine-rich repeat but lacks 
the protein kinase. This receptor structurally resembles the tomato race-specific resistance 
proteins Cf-2, Cf-4, Cf-5, and Cf-9 that are protective against Cladosporium fulvum (Jones et 
al., 1994; Dixon et al., 1996; Thomas, 1997; Dixon et al., 1998). These findings contribute to 
the assumption that similar pathways are induced in non-host immunity and host-specific 
resistance, which is supported by the activation of a mutual defense cascade involving 
Mitogen-Activated Protein Kinases (MAPKs) (Zhang and Klessig, 2001). 
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Non-host immunity in plants manifests itself by local changes and enforcement of the plant’s 
basal defense system due to the enhanced production of various defense compounds like 
waxes, cutin, suberin, lignin, and callose, or the production of oxidative reaction elements like 
reactive oxygen species (ROS), free radicals, and peroxidases (Kawalleck et al., 1995). In 
response to nematode infection, plants were shown to reinforce the cell wall by depositing 
callose at the site of stylet penetration (Grundler et al., 1997). Additionally, the protease 
inhibitor LeMir was found to be induced early in the interaction between root-knot nematodes 
and tomato as well as after wounding of the roots. LeMir shows similarity to the soybean 
trypsin-inhibitor family and can be secreted outside the roots, which suggest its interaction 
with soil-born microorganisms like nematodes (Brenner et al., 1998). 
In several studies, oxidative defense responses to nematodes were shown. Upon infection of 
the non-host Arabidopsis thaliana with the soybean cyst nematode H. glycines, a local cell 
death response was observed (Grundler et al., 1997) and the production ROS found (Waetzig 
et al., 1999). An induction of ascorbate free radical (AFR) reductase was shown to occur 
during the incompatible interaction between tomato and root-knot nematodes as well as after 
wounding (Lambert et al., 1999b). In the same study the up-regulation of genes with a 
similarity to a wide variety of peroxidases was found. 
These results suggest the induction of a non-host immune response upon cyst and root-knot 
nematode infection, although nothing is known yet about potential factors that could be 
recognized by the plant. Considering the fact that nematodes use a whole battery of plant cell-
wall degrading enzymes to facilitate penetration of and migration through the root, it could be 
proposed that plant-derived components resulting from cell wall degradation play a role as 
elicitors in non-host immunity to nematodes. 
 
Host-Specific Disease Resistance to Nematodes 
 
Quantitative and Qualitative Disease Resistance 
In contrast to non-host immunity, host resistance is only effective against particular 
subpopulations of the pathogen, usually within a species. Host-specific resistance is called 
gene-for-gene resistance if it requires the presence of both a race-specific avirulence (Avr) 
gene in the pathogen and a corresponding cultivar-specific single dominant resistance (R) 
gene in the host plant (Flor, 1942). The biochemical interpretation of this concept is a 
receptor–ligand model in which plants activate a defense mechanism upon R protein-
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mediated recognition of a pathogen-derived AVR product (Van Der Biezen and Jones, 1998). 
Although many pairs of cognate R and Avr genes have been identified, direct interaction 
could only be proven in four cases (Jia et al., 2000; Deslandes et al., 2003; Dodds et al., 2006; 
Ueda et al., 2006). Alternatively, other plant components were shown to interact with 
avirulence proteins (Bogdanove, 2002) supporting the so-called guard model (Dangl and 
Jones, 2001) in which AVR protein-induced modifications of host products are recognized by 
R proteins that “guard” these host products. 
Not all cases of host-specific resistance comply with either the gene-for-gene or the guard 
model. It is possible that intermediate resistant phenotypes occur which can be an indication 
that resistance is controlled by multiple resistance loci. These resistance phenotypes tend to be 
measured quantitatively, so they are known as quantitative resistance characters, and the 
genetic loci associated with them are called quantitative trait loci (QTL). The structure and 
function of the proteins encoded by QTL are unknown, but quantitative resistance is assumed 
to be more durable than resistance conferred by a single R gene (Parlevliet, 2002). 
R gene-mediated resistance has several attractive features for disease control. In many cases, a 
single R gene can provide complete resistance to a particular population, strain, or certain 
species of pathogen when present in an otherwise susceptible plant. Monogenic resistances 
are desirable for breeding purposes because of their simplicity in being introgressed. The 
plant response is also usually very fast and local, which restricts the collateral damage in the 
plant caused by a pathogen infection. Unfortunately, in many plant–pathogen interactions, this 
type of resistance can be broken down relatively fast due to alterations in the co-evolving 
pathogen. 
Plant breeders were using disease resistance genes to control plant disease long before they 
were identified and analyzed. Over the years, various nematode resistances have been mapped 
and some of the underlying R genes have now been cloned (Table 1). This work has been 
extensively reviewed (Williamson, 1999; Bakker et al., 2006a; Williamson and Kumar, 2006) 
and therefore, we will only focus on new reports on cyst and root-knot nematode resistance in 
major crops that have appeared since the last review paper. 
Recently, the first nematode resistance gene was found in rice. The mapping of genes and 
QTL for nematode resistance in rice was initiated with the recent discovery of a natural 
source of resistance against the cyst nematode Heterodera sacchari, which is harmful for 
sugar cane and rice, in the African Oryza spp. germplasm (Lorieux et al., 2003). By means of 
linkage mapping, using segregating populations derived from O. sativa and O. glabberrima, 
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the Hsa-1Og was mapped to chromosome 11 in rice. Hsa-1Og is a major gene controlling the 
resistance to H. sacchari and exhibits co-dominant inheritance. 
In potato, five additional QTL have been identified against different populations of the potato 
cyst nematode Globodera pallida. Three QTL named GpaM1, GpaM2, and GpaM3 were 
found in the wild potato species Solanum spegazzinnii and mapped on chromosome V, VI, 
and XII, respectively (Caromel et al., 2003). These three could explain about 72% of the total 
variation. Moreover, two QTL originating from the wild species S. sparsipilum, namely 
GpaVsspl and GpaXIsspl, were proven to explain 89% of phenotypic variation and mapped to 
chromosome V (major effect) and chromosome XI (minor effect) (Caromel et al., 2005). 
Several resistance loci against root-knot nematode populations which have an asexual mode 
of reproduction, and are therefore less variable than populations in outcrossing species, have 
been found in potato and proven to follow a quantitative mode of action. Three QTL encoding 
resistance to Meloidogyne fallax (RMf-chc) and M. hapla (RMh-chcA, RMh-chcB) were mapped in a 
S. chacoense hybrid (Draaistra, 2006). However, due to the large differences in AFLP 
patterns between S. chacoense and S. tuberosum, the identification of the linkage group could 
not be established. Another quantitative resistance locus against M. hapla was mapped in an 
S. tarijense hybrid (Draaistra, 2006). RMh-tar could be placed on the distal end of the short arm 
of chromosome VII. In addition, the two single dominant loci RMc1-hou and RMc1-fen derived 
from S. hougasi and S. fendleri, respectively, were mapped on chromosome XI (Draaistra, 
2006). They underlie resistance against M. chitwoodi, but interestingly, RMc1-fen was also 
proven to be effective against M. fallax. 
In soybean, digenic resistance to the soybean cyst nematode Heterodera glycines is controlled 
by two loci Rhg1 and Rhg4, which map on the linkage groups G and A2, respectively 
(Meksem et al., 2001). Recently, an integrated physical and genetic map of the 0.2 cM 
interval that encompasses the Rhg1 locus was constructed and the molecular characterization 
of the protein encoded by a candidate resistance gene was described (Ruben et al., 2006). 
 
Identification and Characterization of Nematode R Genes 
R genes encode proteins with a modular structure and they can be classified in different 
groups based on the specific combination of functional domains of which they are composed 
(Figure 1).  
The majority of R genes belong to the super family of nucleotide-binding (NB) – leucine-rich  
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repeat (LRR) genes (Ellis and Jones, 1998; Meyers et al., 1999)). This class of genes is very 
abundantly present in plant species and encodes large proteins ranging from 860 to about 
1,900 amino acids. In Arabidopsis, it is estimated that at least 200 different NB-LRR genes 
exist compromising up to 1% of the genome (Meyers et al., 1999). On the basis of the N-
terminal part, the NB-LRR proteins can be further subdivided into two classes containing 
either a coiled-coil (CC) domain or a Toll-Interleukin receptor (TIR) homology domain. The 
CC-NB-LRR proteins are present in both monocots and dicots, whereas monocots are lacking 
the TIR-NB-LRR proteins. A current overview of plant R protein structure and function can 
be found in the review written by McHale et al. (2006).                                     .                        
.                                                                                        
 
 
Figure 1. Schematic drawing of the modular structure and the predicted localization of different types of disease 
resistance genes. The products encoded by the nematode resistance genes Mi-1, Hero, Gpa2 and Gro1-4 as well 
as the bacterial resistance gene Pto are located in the cytoplasm, while the Hs1pro-1, Cf and Xa21 gene products 
have an extracellular LRR domain as they contain a transmembrane domain. 
 
In 1997, the first nematode resistance gene was cloned from sugar beet by (Cai et al., 1997). 
The gene Hs1pro-1 confers resistance to the beet cyst nematode Heterodera schachtii. 
Sequence comparison revealed that it encodes an R protein, which shows no homology with 
any known R gene although it contains an atypical LRR domain of only 146 amino acids and 
a putative transmembrane domain. Investigation of gene expression patterns under biotic and 
abiotic stresses by means of a promoter:reporter gene fusion showed that Hs1pro-1 is up-
regulated only during the incompatible plant–nematode interaction and its promoter activates 
a feeding site-specific gene expression pattern (Thurau et al., 2003). 
The identification and characterization of four other nematode resistance genes (Mi-1, Gpa2, 
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Hero, Gro1-4) from potato and tomato showed that they do belong to the super family of NB-
LRR resistance genes. Gro1-4 distinguishes itself from the other three by having a TIR 
domain, whereas the others have a CC domain. Despite the structural similarities, some 
differences in function do occur. The two genes identified in potato, Gpa2 (Van der Vossen et 
al., 2000) and Gro1-4 (Paal et al., 2004), confer resistance against specific populations of the 
potato cyst nematodes G. pallida and G. rostochiensis, respectively: whereas the tomato gene 
Hero (Ernst et al., 2002) recognizes a broad spectrum of potato cyst nematode species and 
populations. It confers resistance to all economically important pathotypes of both G. rosto- 
chiensis and G. pallida (Sobczak et al., 2005). A similar broad-spectrum resistance is 
mediated by the tomato gene Mi-1 (Milligan et al., 1998; Vos et al., 1998), which is effective 
against the three major root-knot nematode species: M. incognita, M. javanica, and M. 
arenaria. Additionally, the Mi-1 gene confers resistance to piercing/sucking insects, i.e. the 
potato aphid Macrosiphum euphorbiae (Vos et al., 1998) and the whitefly Bemisia tabaci 
(Nombela et al., 2003), which suggests multiple recognition specificities or guarding a 
common target. 
Interestingly, both the Mi-1 protein and the HERO protein harbor an unusual N-terminal 
domain. Although in both proteins two CC regions are predicted (Williamson et al., 2000); 
(Ernst et al., 2002), the two domains do not show any significant sequence or structural 
similarity (Ernst et al., 2002). The N-terminal domain of Mi-1 resembles that of the late blight 
resistance protein Rpi-blb2 (Van der Vossen et al., 2005), which is positioned in a 
homologous region in potato and has an overall amino acid identity of 82%. Apart from that, 
like the N-terminal domain of HERO, it has no significant similarity to other sequences. 
Interestingly, preliminary data from sequence analysis of the H1 locus in potato, conferring 
resistance to the potato cyst nematode G. rostochiensis, revealed the presence of resistance 
gene candidates with a similar N-terminal domain (amino acid homology with both Mi-1 and 
Rpi-blb2 proteins is around 50%) (Chapter 4 of this thesis). 
Recently, an R gene candidate gene was identified in soybean at the Rhg1 locus, which is 
involved in resistance against the soybean cyst nematode H. glycines (Ruben et al., 2006). 
Sequence comparison revealed that this putative resistance gene belongs to a distinct class of 
R genes consisting of three functional domains including an LRR domain composed of 12 
extracellular repeats, a trans-membrane domain, and a kinase domain. The encoding protein 
shows high homology to the bacterial resistance gene Xa21 from rice and an Arabidopsis 
receptor-like kinase gene family. 
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Activation of R Gene-Mediated Nematode Resistance 
Mapping and cloning of R genes conferring resistance to endoparasitic nematodes is a major 
starting point towards elucidation of the genetic and molecular mechanisms underlying 
nematode resistance. Resistance to cyst and root-knot nematodes is characterized by an arrest 
in feeding cell induction and development often as the result of a local hypersensitive 
response (HR) at the infection site. The HR is a form of programmed cell death (Greenberg, 
1997; Morel and Dangl, 1997; Pontier et al., 1998), and shares several features with apoptosis 
in mammalian cells (Lamb and Dixon, 1997; Mittler et al., 1997). A number of nematode-
resistance phenotypes have been described for both cyst and root-knot nematodes (Bakker et 
al., 2006a). Responses range from the complete abolishment of nematode development when 
the establishment of the feeding site is arrested in an early stage of infection, to a significant 
reduction of the number of fully developed adult females and cysts when feeding cell 
development is blocked in a later stage.  
The modular structure of the encoding R proteins allows the study of their separate domains 
roles in nematode recognition and the induction of a defense response that leads to nematode 
resistance. Unfortunately, these structure-function studies are seriously hampered by the fact 
that the corresponding elicitors from the nematodes are still unknown. However, an elicitor-
independent hypersensitive response for the Mi-1 gene was obtained in an agroinfiltration 
assay in Nicotiana benthamiana leaves upon expression of a chimeric construct that consisted 
of the N-terminal domain from Mi-1.1, a non-functional homolog that is 91% identical to Mi-
1.2, the functional Mi-1 gene. For the same chimeric R gene, no transgenic tomato plants 
could be recovered (Hwang et al., 2000), suggesting that an HR reaction takes place in cells 
that express this gene. In this paper, it was shown that a six-amino acid region in the LRR in 
Mi-1 is required but not sufficient for resistance. In a follow-up study, the amino acids that are 
essential for nematode resistance were determined (Hwang and Williamson, 2003) by 
introducing each of the 40 amino acid differences between the LRR of Mi-1.2 and Mi-1.1 into 
Mi-1.2. They found 24 amino acids that appeared to be required for signaling and three 
consecutive amino acids that may be involved in nematode recognition. Apparently, the N-
terminal part 1 (NT-1), which consists of the first 161 amino acids, was able to repress the 
transmission of a signal by the LRR domain that leads to an HR and a model was proposed in 
which this negative regulation was compromised in the presence of a root-knot nematode 
elicitor (Hwang and Williamson, 2003). 
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Similar results were obtained in a structure-function study of the potato resistance gene Rx1, 
which is a close relative (93% nucleotide identity) of the nematode resistance gene Gpa2. 
Physical interactions were observed between the N-terminal CC domain and the NB-LRR 
domains or between the CC-NBS domains and the LRR domain in the absence of the elicitor, 
the coat protein from the potato virus X. However, those interactions were disrupted in the 
presence of the avirulent coat protein, suggesting the activation of Rx-mediated signaling by 
relieving the negative intramolecular regulation of the NBS domain (Moffett et al., 2002). 
This domain, also called the NB-ARC (nucleotide binding adaptor shared by NOD-LRR 
proteins, APAF1, R proteins, and CED4) domain (McHale et al., 2006), seems to be involved 
in specific binding and hydrolysis of ATP as was shown for the two tomato resistance genes 
Mi-1 and I-2 (Tameling et al., 2002). ATP hydrolysis is thought to result in conformational 
changes that regulate downstream signaling. 
High sequence homology between the closely related viral resistance gene Rx1 and the 
nematode resistance gene Gpa2 suggests that a similar model might be applicable for the 
activation of a resistance response to the potato cyst nematode. To study the mechanisms 
underlying Gpa2-mediated resistance in potato, a series of domain swap constructs between 
different domains from Rx1 and Gpa2 are currently under investigation using agroinfiltration 
assays and nematode resistance tests. Preliminary data show that nematode specificity resides 
in the LRR domain of Gpa2 as a chimeric construct between the CC-NBS domain of Rx1 and 
the LRR domain of Gpa2 is able to confer nematode resistance in a gene-for-gene specific 
manner (Slootweg, 2009; Koropacka, 2010). 
 
R Gene-Mediated Defense Responses to Nematodes 
Plant responses to pathogens are associated with massive changes in gene expression. For 
example, in Arabidopsis, a change in the gene expression levels of more than 2,000 genes has 
been observed within 9 h upon inoculation with the bacterial pathogen Pseudomonas syringe 
(Tao, 2003). It is thought that early activation of genes involved in phytohormone 
biosynthesis modifies the hormonal balance of the host plant, leading to the appropriate 
transcriptome changes. Gene expression studies of several plant–nematode interactions 
showed that different defense-related genes are up-regulated upon infection of both 
susceptible and resistant plants, including genes encoding peroxidase, chitinase, lipoxygenase, 
extensin, and proteinase inhibitors (reviewed in Williamson and Hussey, 1996; Gheysen and 
Fenoll, 2002). Furthermore, genes encoding enzymes involved in biosynthetic pathways are 
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induced early during infection. For example, glyceollin in soybean appears to be involved in 
phytoalexin biosynthesis after M. incognita infection (Kaplan et al., 1980b) and chalcone 
synthase is produced in white clover upon infection with M. javanica (Hutangura et al., 1999). 
Expression of these defense-related genes in both the compatible and the incompatible 
interaction suggests a role in basal resistance. However, it is hypothesized that the defense 
response is only strong and quick enough to prevent successful nematode infection in the 
presence of a functional R protein that can recognize the appropriate AVR protein from the 
nematode. The induction of toxins, PR-genes and the hairpin-induced hin1-like gene during 
the compatible interaction between root-knot nematodes and tomato suggests that the 
nematodes are identified as pathogens (Bar-Or et al., 2005). However, in the absence of 
components necessary for a host-specific defense reaction (like a functional R gene), no HR is 
elicited and the defense response is not fully effective. 
There is now a significant amount of evidence pointing to specific MAPKs as fundamental 
components of defense pathways that play a role in both basal defense and in more specific 
interactions involving R gene-mediated resistance (Pedley and Martin, 2005). They are 
involved in the generation of ROS (Kovtun et al., 2000; Ren et al., 2002), the induction of PR 
protein expression and in gene transcription (Ahlfors et al., 2004; Kim and Zhang, 2004; Lee 
et al., 2004). Although there is no direct evidence yet for the role of MAPKs in nematode 
resistance, it was recently shown that Mi-1-mediated aphid resistance was abolished in tomato 
when LeMKK2, LeMPK2, LeMPK1, or LeMPK3 were silenced (Li et al., 2006a). It will be 
interesting to see whether MAPKs play a similar role in Mi-1-mediated nematode resistance. 
An oxidative burst, Ca2+ uptake, and phosphorylation changes are among the earliest 
responses associated with a host-specific resistance response. Rapid production of ROS, some 
of which may be generated by a multi-subunit NADPH oxidase complex in the plasma 
membrane (Doke et al., 1996; Xing et al., 1997), is often associated with cell death. Recent 
research has implicated nitric oxide (NO), together with ROS, in the induction of a HR during 
plant–pathogen interactions (Shapiro, 2005). Generation of elevated levels of NO was shown 
in tomato plants in response to avirulent root-knot nematodes (Melillo et al., 2006). 
Two key components in R gene-mediated resistance signaling are SGT1 and RAR1 (Austin et 
al., 2002; Azevedo et al., 2002; Liu et al., 2002; Peart et al., 2002). In yeast, SGT1 is a 
component of the SCF (SKP cullin F-box) complex, which is an integral part of protein 
ubiquitination (Kitagawa et al., 1999). This suggests that protein degradation is implicated in 
resistance signaling, which is supported by the observation that the Arabidopsis R protein 
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RPM1 is degraded when the elicitor (AvrRpm1 or AvrB) is present (Boyes et al., 1998). 
Another important protein involved in R gene-mediated signaling is HSP90 (heat shock 
protein 90) (Liu et al., 2004) which directly interacts with SGT1 and RAR1 (Holt et al., 2003; 
Shirasu and Schulze-Lefert, 2003). RAR1, SGT1, and HSP90 are suggested to form a 
chaperone complex mediating the folding of R proteins and their incorporation into functional 
complexes (Shirasu and Schulze-Lefert, 2003). For Mi-1-mediated resistance to aphids and 
nematodes, it appears that HSP90 and SGT1 are required while RAR1 is not for either 
resistance (Bhattarai et al., 2007).  
Another gene specifically required for Mi-1-mediated resistance is Rme-1, which is unlinked 
to Mi-1 and not required for the functioning of other resistance genes like Pto. Rme-1 acts 
early in the Mi-1 pathway, either at the same step as the Mi-1 product or upstream of Mi-1 
(Martinez De Ilarduya et al., 2004). Interestingly, the rme-1 mutant also compromised the Mi-
1-mediated aphid resistance (De Ilarduya et al., 2001). The structure and function of Rme-1 
has to be investigated, including the possibility that Rme-1 is a potential virulence target for 
nematodes and aphids, guarded by the Mi-1 protein. 
Considering the practical applications for isolated resistance genes, it is important to know if 
they can be transferred to a range of economically important crops where similar resistance is 
not available. So far, there has been limited success in transferring functional R genes to other 
species (Williamson and Kumar, 2006). For example, the Mi-1 gene confers effective 
resistance against root-knot nematodes and the potato aphid when transferred into susceptible 
tomato. When introduced into tobacco or Arabidopsis, however, it does not confer any of 
these resistance specificities (Williamson et al., unpublished). On the other hand, a 
heterologous expression of the Mi-1 gene in eggplant caused resistance to root-knot 
nematodes but no longer resistance to the potato aphid (Goggin et al., 2006). The tomato gene 
Hero, which confers resistance to potato cyst nematodes (PCN), was not effective in potato 
according to another report (Sobczak et al., 2005). 
Thus, the influence of the plant’s genetic background can be proposed as a factor determining 
the heterologous gene functionality, probably through the presence of other gene components 
necessary for the resistance response (Williamson and Kumar, 2006) or because of changes in 
guardee proteins in course of evolution. It was shown that even within cultivated tomato, 
genotype differences were influencing the efficacy of Mi-1 resistance (Jacquet et al., 2005). 
Understanding this phenomenon will be a challenge but it seems to be necessary for a 
successful transfer of nematode resistance to a new species. It might also provide insight into 
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host factors that mediate specificity of recognition and signaling (Williamson and Kumar, 
2006). 
 
Evolution of Nematode Resistance Specificity 
 
Genomic Organization and Molecular Evolution of Nematode R Gene Clusters 
Genome-wide sequence analysis and genetic mapping of R gene candidates have shown that 
disease resistance genes are often located in clusters of homologous R genes spread 
throughout the plant genome (reviewed by Gebhardt and Valkonen, 2001). R gene clusters 
from different genotypes and even related species are often located in the same chromosomal 
region. These regions are therefore called “hot spots for resistance.” Remarkably, in potato, 
QTL conferring resistance to the potato cyst nematode often co-localize with hot spots for 
single dominant resistance genes, suggesting that they may contribute to partial resistance to 
nematodes. Another option suggests that quantitative resistance is mediated by an R gene but 
that the potato cyst nematode populations used to screen for resistance consist of a mixture of 
virulent and avirulent genotypes. Most of the cyst nematodes reproduce by obligate outcross- 
ing, and there is generally great variation in host range and response to specific resistance 
genes between and within field populations (Bakker et al., 1993) 
The multigenic nature of most resistance loci may facilitate meiotic instability in a 
heterozygous state. Unequal crossing-over and gene conversion have been suggested to play a 
role in the generation of new R gene specificities (Hammond-Kosack and Jones, 1997; 
Hulbert, 1997; Parniske et al., 1997). However, since these processes tend to homogenize the 
paralogs, divergent evolution must be strong enough to counteract the homogenization 
process. 
With the exception of the beet cyst nematode resistance gene Hs1pro-1 (Cai et al., 1997), all 
nematode resistance genes cloned to date reside in complex loci harboring tandemly repeated 
R gene homologs. The root-knot nematode gene Mi-1 (Milligan et al., 1998; Vos et al., 1998) 
is located in a cluster of seven homologous R genes on chromosome VI of tomato, whereas 
the potato cyst nematode resistance gene Hero (Ernst et al., 2002) is located in a genomic 
region containing at least 14 homologous genes on chromosome IV of tomato. The gene 
Gro1-4 (Paal et al., 2004) is also member of a large cluster containing 13 R gene homologs 
located on chromosome VII of potato, whereas the potato gene Gpa2 (Van der Vossen et al., 
2000) is present in a relatively small cluster of four highly homologous genes on chromosome 
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XII. The specificities of the other members of these nematode R gene clusters are unknown 
except for the Gpa2 locus in potato. For bacterial and fungal resistance loci, members of an R 
gene cluster often confer resistance to different isolates or strains from the same pathogen 
species. Interestingly, the Gpa2 cluster also harbors the resistance gene Rx1 (Bendahmane et 
al., 1999), which confers extreme disease resistance to a completely unrelated pathogen, 
namely the potato virus X. The fact that these two highly homologous resistance genes (88% 
amino acid identity) reside in the same cluster and on the same haplotype of the diploid potato 
clone SH83-92-488 (Rouppe van der Voort et al., 1997a) strongly suggest that unequal 
crossing-over and gene conversion play a role in the evolution of the two specificities. The 
other two members of this cluster are a pseudogene and a putative resistance gene of 
unknown specificity. 
In plants, the LRR domain likely acts as the receptor for pathogen-generated elicitors. Each 
LRR comprises a core of about 26 amino acids containing an LxxLxxLxLxxN/C motif, which 
forms a β-sheet. The LRR domain is involved in R gene specificity. Therefore, to study the 
mechanisms underlying the evolutionary dynamics of this R gene cluster, the LRR domain of 
three additional resistance gene homologs with a high sequence similarity to Gpa2 and Rx1 
has been isolated from the susceptible haplotype of the resistant diploid potato clone SH83-
92-488 and of another six homologs from the susceptible diploid potato clone RH89- 039-16 
(Bakker et al., 2003a). Sequence comparison of these 13 homologous LRRs shows a 
patchwork of sequence similarities, indicating mosaic evolution. Interestingly, breakpoints 
often coincide with hypervariable amino acid positions present in the LRR domain (as defined 
by Parniske et al., 1997), suggesting a role for unequal crossing-over and gene conversion in 
the generation of new R gene specificities in the Gpa2/Rx1 cluster (Parniske et al., 1997). 
The ratio of nucleotide changes that result in asynonymous amino acids (Ka) and those that 
result in synonymous amino acids (Ks) can be a way to identify the evolutionary pressure on a 
stretch of coding sequences (Parniske et al., 1997). When the evolutionary pressure is neutral, 
the amount of changes resulting in the same amino acid should equal the amount of changes 
resulting in different amino acids with an end result of Ka/Ks = 1. When Ka/Ks < 1, the 
changes are not favored and the evolutionary pressure is towards conservation. The third 
possibility is Ka/Ks > 1. In that case, changes in the amino acid composition are favored and 
the evolutionary pressure is towards diversification. Analysis of the nucleotide sequence of 
the LRR domain of the Gpa2/Rx1 homologs revealed a mean Ka/Ks ratio of 2.69. This ratio is 
way above 1 and therefore, the LRR domain of the Gpa2/Rx1 homologs is under positive 
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selection pressure. Analyses of the LRR β-strand/β-turn motifs, which harbor the solvent-
exposed residues thought to be involved in protein–protein interaction, resulted in a mean 
Ka/Ks ratio of 3.33. These findings support the idea that the LRR domain and more precisely 
the solvent-exposed residues of the LRR β-strand/β-turn motifs are involved in R gene 
specificity. The strong positive selection pressure that acts on these regions is an indication 
that diversifying selection also plays a role in the development of new R gene specificities 
(Bakker, 2003b). 
In contrast to the Gpa2/Rx1 cluster, sequence analysis of the Mi-1 locus in tomato did not 
point at a role for unequal crossing-over and gene conversion (Seah et al., 2004). The Mi-1 
gene is introgressed from the wild relative and supposedly ancestral progenitor Lycopersicon 
peruvianum. Although evidence has been found for an inversion of this locus between the two 
species, the copy numbers of the homologs in each of the two clusters is conserved. 
 
The Genetic Basis of Nematode Virulence 
The gene-for-gene hypothesis assumes that host resistance is determined by complementary 
pairs of pathogen-encoded avirulence genes (Avr gene), which are recognized by products 
encoded with plant resistance genes (R gene). The evolution of such a gene-for-gene 
interaction is often compared with a co-evolutionary “arms race” (Dawkins and Krebs, 1979; 
Michelmore and Meyers, 1998). This theory assumes that the parasite is always capable of 
overcoming resistance by developing a new way to circumvent recognition by the host. This 
results in elevated selection pressure on the host population for new resistance that matches 
the virulent pathotype while the overcome resistance gene declines. However, it has been 
suggested that a “trench warfare” model assuming repeated advances and retreats of 
resistance and virulence alleles may be more appropriate (Frank, 1992; Stahl et al., 1999). 
Only the interaction between the potato cyst nematode G. rostochiensis and potato has 
demonstrated Mendelian proof of a gene-for-gene interaction (Janssen et al., 1991). Selection 
of pure parasitic and non-parasitic lines of G. rostochiensis and subsequent reciprocal crosses 
using these lines have shown that parasitism is recessively inherited at a single locus and that 
the inheritance is not sex-linked (Janssen et al., 1990). A dominant locus H1 present in 
resistant potato cultivars was demonstrated as only being effective against certain pathotypes 
of G. rostochiensis, while nematodes carrying recessive parasitism alleles could reproduce 
normally on these plants. Because of a segregation pattern of 3:1 non-parasitic to parasitic, 
which is typical for single gene inheritance and a proven dominant nature of the H1 
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resistance, it has been proposed that this interaction classifies as a gene-for-gene type of 
mechanism (Janssen et al., 1991). 
For a limited number of other incompatible plant–nematode interactions, the genetic basis of 
nematode virulence was investigated. Studies using three highly homozygous inbred lines 
were performed for the soybean cyst nematode H. glycines (Dong and Opperman, 1997). The 
inbred line crosses clearly demonstrated that parasitic ability is inherited in a Mendelian 
fashion. Both dominant and recessive genes were found and proven by linkage analysis to be 
unlinked loci (Dong and Opperman, 1997). In the case of root-knot nematodes, analysis of 
virulence segregation in progeny of a controlled cross of M. hapla indicated that virulence in 
the nematode is inherited as a single recessive trait, and that the nematode–bean interaction 
might be classified as a gene-for-gene interaction (Chen and Roberts, 2003). Aiming to 
facilitate map-based cloning of genes that mediate plant–nematode interactions, a genetic map 
has been constructed for the potato cyst nematode G. rostochiensis (Rouppe van der Voort et 
al., 1999b). Because of the outcrossing nature of G. rostochiensis and technical limitations in 
using individual offspring genotypes for map construction, this map was made with a bulked 
offspring population. To our knowledge, this map has not yet been used to map parasitism or 
avirulence genes. 
 
Nematode Avirulence Genes 
To establish a parasitic relationship with their host plants, cyst and root-knot nematodes have 
to overcome multiple layers of defense responses to modify host root cells into beneficial 
feeding structures. Several cyst and root-knot nematode genes encoding secreted proteins 
produced in the esophageal glands were shown to have the features of pathogenicity factors 
(reviewed in Davis et al., 2004 and Vanholme et al., 2004). Avr proteins are generally 
considered to be virulence factors required for successful infection of the host plant and as 
such, these nematode parasitism genes are good candidates to encode avirulence proteins. 
However, proof has not been obtained yet for any of them to act as a resistance gene-
dependent plant defense elicitor. 
In an attempt to identify avirulence gene products involved in Mi-mediated resistance in 
tomato, cDNA-AFLP fingerprinting was used for pairwise comparison of the expression 
profiles of nearly isogenic lines from the root-knot nematode M. incognita, avirulent and 
virulent on Mi-resistant plants (Semblat et al., 2001). This resulted in the identification of 
several differentially expressed genes including map-1, which was shown to encode for a 
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protein containing a predictive signal peptide for secretion and two classes of repetitive 
motifs. Immunolocalization experiments confirmed that the MAP-1 protein is secreted by the 
amphids, which are the principal chemosensory organs of the nematode. The role of map-1 in 
avirulence, however, has never been demonstrated. In addition, a transcript present in 
avirulent but absent in virulent lines of M. javanica has also been identified. Curiously, this 
gene does not resemble map-1, suggesting that there may be more than one gene that can 
mediate nematode recognition in tomato plants with the Mi-1 gene (Williamson and Gleason, 
2003; Gleason et al., 2008). 
The amount and variability of putative nematode pathogenicity factors and limited knowledge 
about nematode resistance mechanisms make it very difficult to predict which proteins 
secreted by nematodes can play a role in avirulence. Besides secreting a mixture of cell-wall 
degrading enzymes that act on the plant cell walls and facilitate migration, nematodes also 
release secretions into the feeding site initiation cell (Williamson and Hussey, 1996). Most of 
the proteins have predicted signal peptides and are proven to be produced exclusively in 
esophageal glands, although some proteins lack such a signal and have been shown to be 
secreted by potato cyst nematode Globodera spp. as well (Robertson et al., 2000; Fioretti et 
al., 2001). The predicted cytoplasmic localization of nematode resistance genes and the 
secretion of signaling molecules into the plant cell suggest that these pathogenicity factors are 
potential candidates for nematode avirulence products. 
 
Induced Resistance to Nematodes 
In 1961, Ross observed that tobacco plants challenged with tobacco mosaic virus (TMV) 
subsequently developed increased resistance to a secondary infection in distal tissues (Ross, 
1961). For this phenomenon he coined the term systemic acquired resistance (SAR). Kuc et 
al. (1959) observed a similar type of induced resistance against scab disease in apple that was 
chemically induced. They introduced the term induced systemic resistance (ISR). Later, it was 
proved that this effective defense response occurs in various plant species against the whole 
spectrum of pathogens (Kuc, 1982; Ryals et al., 1994; Sticher et al., 1997). A historic account 
of the use of the SAR and ISR terms is extensively given by (Tuzun, 2006). He proposes to 
name all actively induced systemic defense mechanisms as ISR, regardless of the inducer 
(pathogenic, nonpathogenic, or chemical). 
ISR can be induced by certain strains of nonpathogenic rhizobacteria (e.g. Pseudomonas 
spp.), by arbuscular mycorrhizal fungi, or by the application of certain chemical compounds 
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(e.g. salicylic acid and benzothiadiazole) (Van Peer et al., 1991; Wei et al., 1991). ISR to 
nematodes induced by rhizobacteria has been observed in potato against G. pallida (Hasky-
Günther et al., 1998), in tomato against the root-knot nematodes M. incognita and M. 
arenaria (Sikora, 1992; Santhi and Sivakumar, 1997), and in white clover against the clover 
cyst nematode H. trifoli (Kempster et al., 2001). Colonization by the arbuscular mycorrhizal 
fungus Glomus versiforme was proven to be effective against M. incognita in grapevine and 
seemed to involve a transcriptional activation of the Class III Chitinase Gene VCH3 (Li et al., 
2006b). Finally, several chemical elicitors of induced resistance were tested on wheat and 
barley for their ability to reduce the number of H. avenae and H. latipons cysts. Only the 
application of DL-B-amino-n-butyric acid (BABA) induced effective resistance (Oka and 
Cohen, 2001).  
Interestingly, bacterial components such as the lipopolysaccharides extracted from the surface 
of the Gram-negative Rhizobium etli, and more specifically the O-antigen, were observed to 
play an important role in ISR (Van Peer and Schippers, 1992; Leeman et al., 1995; Van Wees 
et al., 1997). However, it is not the O-antigen but the oligosaccharides of the core-region of 
LPS and to a lesser extent the A-fraction that induce systemic resistance to the potato cyst 
nematode G. pallida (Reitz et al., 2002). 
SA is assumed to be a key molecule required for ISR activation because an exogenous 
application of salicylic acid (SA) induces systemic resistance to TMV in tobacco (White, 
1979). However, there is evidence that this process is more complex and that many other 
signal molecules are involved. Two other signal molecules (i.e. jasmonic acid and ethylene) 
have also been identified as playing a role in ISR. Usually SA-dependent pathways are 
jasmonic acid (JA) and ethylene (ET) independent and vice versa (Penninckx et al., 1996; 
Dong, 1998; Pieterse and Van Loon, 1999). Moreover, SA-dependent signaling and JA-
dependent signaling can inhibit each other (Gupta et al., 2000). In addition, the accumulation 
of pathogenesis-related (PR) proteins is thought to contribute to resistance and these proteins 
are often treated as markers for the enhanced resistance state mediated by ISR (Ryals et al., 
1994; Kessmann et al., 1994a; Kessmann et al., 1994b). 
ISR has also been observed in incompatible nematode–plant interaction. Systemic changes in 
gene expression in resistant potato plants carrying the H1 gene following root infection with 
the cyst nematode G. rostochiensis were found (Hammond-Kosack et al., 1989). The changes 
involved the disappearance of innate proteins and the accumulation of novel gene products. 
Because SA treatment showed a similar gene expression pattern, it can be assumed that a SA-
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dependent pathway was induced. Follow-up studies documented the changes in β-1,3- 
glucanases activity in leaves after infecting potato roots of cultivars carrying different 
resistance specificities with four potato cyst nematode populations. The resulting range of 
compatible and incompatible interactions elicited various classes of β-1,3-glucanases, both 
extra- and intracellularly targeted (Rahimi et al., 1996). One of them, β-d-glucosidase, was 
demonstrated to be significantly more active in the resistant cultivar carrying the H1 gene 
infected with an avirulent potato cyst nematode population. The same effect could not be 
induced by the application of silver nitrate. These observations suggest that β-d-glucosidase is 
specifically up- regulated in this type of resistance response. The same potato cultivars were 
later tested for increased chitinase activity after Globodera spp. infection. The intercellular 
fluid of the leaves of all the nematode-infected plants tested showed significant increases in 
exochitinase activity (Rahimi et al., 1998). Endochitinase activity was up-regulated 
exclusively in roots of a S. vernei-derived resistant clone after infection with three out of four 
tested potato cyst nematode populations. Therefore, it can be concluded that although a lot of 
pathogenesis-related genes are induced unspecifically, some of them can be linked to certain 
types of host resistance or host–parasite combinations. In addition, PR-protein accumulation 
has been reported for a few incompatible plant–nematode interactions, suggesting the 
activation of ISR. Strong induction of PR-1 transcription and slight induction of PR-5 
expression was observed for tomato roots carrying the nematode resistance gene Hero after 
infection with the potato cyst nematode G. pallida (Sobczak et al., 2005). 
SA, JA, and ET do not seem to solely play a role in ISR. It has been shown that SA plays a 
crucial role in defense responses mediated by the Mi-1 root-knot nematode resistance gene. 
Tomato plants carrying the Mi-1 gene and expressing the NahG gene, which encodes 
salicylate hydroxylase, an enzyme that degrades salicylic acid to catechol, partly lost the 
resistance to root-knot nematodes (Branch et al., 2004) and aphids (Li et al., 2006a). 
Benzothiadiazole, an analog of SA, completely restores nematode resistance in Mi-1 resistant 
roots transformed with NahG but does not confer resistance in susceptible tomato roots 
(Branch et al., 2004). 
To study the role of JA in both basal and Mi-1-mediated root-knot nematode resistance, the 
jai-1 mutant compromised in JA perception and wild-type parents were used for infection 
studies. Nematodes reproduced significantly lower on jai-1 plants compared to the wild-type 
parents. Knowing that SA is required for root-knot nematode resistance, the lower nematode 
reproduction on jai-1 plants suggests the existence of cross talk between SA and JA signaling 
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in nematode resistance. However, the introduction of the jai-1 mutation in the Mi-1 
background showed no role for JA in Mi-1-mediated resistance (Bhattarai et al., 2008). 
 
Perspectives 
Co-evolution between parasitic nematodes and their host plants has resulted in the 
development of a gamut of nematode resistances in the center of origin of different crop 
plants. Resistance to cyst and root-knot nematodes provides an important durable crop 
protection strategy and as such, breeders have put much effort into the identification of 
resistance sources from various wild relatives. However, just a small portion of the genetic 
diversity has been explored to date. Recently, a small number of genes underlying nematode 
resistance have been characterized, but it is anticipated that this number will increase in the 
near future as results of the ongoing plant genome sequencing efforts and high-throughput 
analysis methods become available. Meanwhile, sequence information related to nematode 
resistance genes is being used to speed up the breeding process through marker-assisted 
selection. 
The identification of nematode R genes has shown that they share structural and functional 
similarities to other plant pathogen disease resistance genes. Therefore, data derived from 
model systems like the potato virus X resistance gene Rx1 from potato can be used to study 
the mechanisms underlying the resistance responses induced by different types of nematode R 
genes. However, structural and functional analyses of nematode resistance genes are still 
hampered by laborious and time-consuming nematode resistance assays on host plant roots. 
We expect that once a nematode avirulence gene has been identified, these studies will 
advance much faster as they allow the use of elegant in planta systems such as agroinfiltration 
assays (ATTA). 
A major challenge in the field of nematode resistance is the identification of the first 
avirulence gene, which is able to induce a resistance response in a gene-for-gene specific 
manner in the presence of the corresponding R gene. Most likely the encoding avirulence 
product will normally play a role in nematode virulence and as such, it is anticipated that 
candidate elicitors are already present in the large set of parasitism genes known to date. It 
will be interesting to see how these nematode-derived molecules will be – directly or 
indirectly – recognized by the resistance genes and how they interact as virulence factors with 
other plant components during the establishment of a parasitic relationship. 
To discover a nematode Avr gene, Mi-1 virulent and avirulent near isogenic lines (NILs) of 
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M. incognita were compared using the AFLP display technique (Semblat et al., 2001). 
Comparing 25,000 fragments resulted in 30 bands that were present only in avirulent NILs. 
One of these bands was studied in more detail and cDNA analysis revealed a putative protein 
of 458 amino acids containing a predicted N-terminal signal peptide. Immunolocalization in 
second-stage juveniles showed that the protein was present in the amphidial secretions of the 
nematode. Later, a similar approach was used, this time using cDNA-AFLP, still in pursuit of 
AvrMi-1 (Neveu et al., 2003). Comparison of 24,025 bands resulted in 22 differential 
transcript-derived fragments that were present in the avirulent NILs and absent in the virulent 
NILs. The differential expression of nine genes was confirmed with reverse transcription and 
in situ hybridization of five of these sequences showed that two were specific for the 
intestinal cells, one for the subventral and two for the dorsal esophageal gland. Recently, in 
another attempt to discover AvrMi-1, a virulent M. javanica strain was obtained from an 
avirulent M. javanica strain after selection on resistant tomato plants harboring the Mi-1 gene 
(Gleason et al., 2008). Comparing the virulent with the avirulent strain using cDNA-AFLP 
resulted in one fragment, Cg-1, that was present in the avirulent strain and absent in the 
virulent strain. Subsequent silencing of Cg-1 in avirulent M. javanica by soaking J2 juveniles 
in dsRNA corresponding to part of the predicted transcript of Cg-1 (RNAi) resulted in a gain 
of virulence. 
A completely different approach starts with a known parasitism gene. Chorismate mutase is a 
secreted enzyme produced in the esophageal glands of H. glycines (Bekal et al., 2003) that 
shows different forms in lines that are either virulent and avirulent to soybean plants 
harboring a H. glycines resistance. It was also shown that after selection on three different 
resistant soybean plants, one chorismate mutase allele dropped significantly in frequency on 
one of the three resistant plants, while the allele frequency on the other two resistant plants 
remained the same (Lambert et al., 2005). This result suggests that one of the chorismate 
mutase alleles is specifically unfavorable for one type of resistance and might indicate a 
correlation with a resistance-specific (a)virulence. 
One of the most intriguing questions for further exploration is how cyst and root-knot 
nematodes are able to modulate or circumvent the host defense system. A common 
mechanism, which is shared by both plant and mammalian parasitic nematodes, is the 
capacity to neutralize host-generated reactive oxygen species (ROS) by the presence of 
antioxidants at the cuticular surface of (pre)parasitic juveniles (reviewed by Jasmer et al., 
2003). Another mechanism is the suppression of defense responses by for example fatty acid- 
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and retinol-binding proteins, which were shown to inhibit precursors of plant defense 
compounds and systemic jasmonic acid signaling (Prior et al., 2001). To avoid recognition by 
disease resistance genes, cyst and root-knot nematodes are expected to have evolved 
mechanisms that allow diversification of avirulence genes. Understanding the mechanisms 
underlying the co-evolution between host plant resistance and nematode (a)virulence will be 
essential for the development of durable crop protection strategies. 
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CHAPTER 3 
A high-resolution map of the Grp1 locus 
on chromosome V of potato harboring 
broad-spectrum resistance to the cyst 
nematode species Globodera pallida  
and Globodera rostochiensis 
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Abstract 
 
The Grp1 locus confers broad-spectrum resistance to the potato cyst nematode species 
Globodera pallida and Globodera rostochiensis and is located in the GP21-GP179 interval 
on the short arm of chromosome V of potato. A high-resolution map has been developed 
using the diploid mapping population RHAM026, comprising 1,536 genotypes. The 
flanking markers GP21 and GP179 have been used to screen the 1,536 genotypes for 
recombination events. Interval mapping of the resistances to G. pallida Pa2 and G. 
rostochiensis Ro5 resulted in two nearly identical LOD graphs with the highest LOD 
score just north of marker TG432. Detailed analysis of the 54 recombinant genotypes 
showed that G. pallida and G. rostochiensis resistance could not be separated and map to 
the same location between marker SPUD838 and TG432. It is suggested that the 
quantitative resistance to both nematode species at the Grp1 locus is mediated by one or 
more tightly linked R genes that might belong to the NBS-LRR class. 
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Introduction 
The potato cyst nematode (PCN) species Globodera pallida and Globodera rostochiensis 
cause serious yield losses in potato crops worldwide (Oerke et al., 1994). PCN can be 
controlled by crop rotation, chemical soil disinfestations and the use of resistant cultivars. 
However, due to the formation of cysts, PCN can survive in the soil for many years in the 
absence of a host, making crop rotation unattractive for potato farmers. Chemical control of 
PCN involves very unspecific and extremely harmful pesticides. Due to increasing concern 
about environmental issues and governmental regulations, this method has been practically 
abandoned in many countries. Therefore, resistant cultivars are becoming increasingly 
important and, hence, scientific studies on the underlying genes and resistance mechanisms 
are of great interest. 
A total of 14 PCN resistance loci have been mapped in potato on chromosomes III, IV, V, 
VII, IX, X, XI and XII (reviewed by Gebhardt and Valkonen (2001); Caromel et al., 2003; 
Caromel et al., 2005). Ten resistance traits confer partial resistance (Gro1.4, Gpa4, Gpa, 
Gpa5, Grp1, Gpa6, Gro1.2, Gro1.3 and GpaM1), while four of them (H1, GroVI, Gro1-4 and 
Gpa2) and the combination of GpaVsspl and GpaXIsspl confer nearly absolute resistance to one 
or more pathotypes. Many of these PCN resistance loci are mapped in regions of the potato 
genome where clusters of resistance gene homologs are located. This is not only true for the 
single dominantly inherited PCN resistance (R) genes Gpa2 and Gro1-4 (Barone et al., 1990; 
Rouppe van der Voort et al., 1997a), but also for quantitative trait loci (QTL) such as Grp1, 
Gpa, GpaVsspl, GpaM1 and Gpa5 (Kreike et al., 1994; Rouppe Van Der Voort et al., 1998; 
Rouppe van der Voort et al., 2000; Caromel et al., 2003; Caromel et al., 2005). So far, the 
only nematode R genes that have been characterised at the molecular level in potato are Gpa2 
and Gro1-4 (Van der Vossen et al., 2000; Paal et al., 2004). 
 
Resistance conferred by the Grp1 locus was discovered in 1998 in the tetraploid clone AM78-
3778, an interspecific hybrid between S. tuberosum and several wild potato species including 
S. vernei, S. oplocense and S. tuberosum ssp. andigena (Rouppe Van Der Voort et al., 1998). 
This locus is particularly interesting since it confers major resistance to the potato cyst 
nematode (PCN) pathotypes Ro5 (G. rostochiensis line Ro5/22) and Pa2 (G. pallida 
population D383), as well as partial resistance to pathotype Pa3 (G. pallida population 
Rookmaker). The Grp1 locus has been mapped in the GP21-GP179 interval on the short arm 
of chromosome V of the diploid potato clone 3778-16, which is derived from AM78-3778 
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(Rouppe Van Der Voort et al., 1998). This region is known to harbor resistance loci with 
specificities to different plant pathogens, including R1 (Leonards-Schippers et al., 1992) and a 
major QTL (Leonards-Schippers et al., 1994) to Phytophthora infestans, Rx2 (Ritter et al., 
1991) and Nb (De Jong et al., 1997) to potato virus X, as well as Gpa5 (Rouppe van der Voort 
et al., 2000), Gpa (Kreike et al., 1994), GpaM1 (Caromel et al., 2003) and GpaVsspl (Caromel 
et al., 2005) to G. pallida. A QTL involved in trichome-mediated insect resistance has also 
been detected in this region (Bonierbale et al., 1994). R1 and Rx2 have been shown to belong 
to the nucleotide binding site leucine-rich repeat (NBS-LRR) superfamily of R genes 
(Bendahmane et al., 2000; Ballvora et al., 2002). 
 
The broad-spectrum resistance of Grp1 together with its location in a hot spot for resistance 
led to the hypothesis that Grp1 is a compound locus containing different R genes for PCN 
resistance (Rouppe Van Der Voort et al., 1998). This is strengthened by the fact that AM78-
3778 is the result of many generations of breeding, involving different wild Solanum sources 
(Dellaert and Vinke, 1987) and by the detection of the G. pallida resistance locus Gpa5 in 
clone 3704-76, which is very closely related to 3778-16 (Rouppe van der Voort et al., 2000). 
The use of common markers for the mapping of the QTL for both Grp1 and Gpa5 showed 
that the two QTLs perfectly superimpose on each other, which indicates the presence of 
similar introgression segments. Since G. pallida resistance has been an important trait for the 
selection of both breeding lines, it is argued that the same gene(s) underlie(s) the G. pallida 
resistance. It is assumed that the G. rostochiensis resistance may have been lost during the 
course of the breeding process due to a recombination between loci TG432 and GP179 in a 
progenitor of clone 3704-76. 
 
In this study, a high-resolution map of the Grp1 locus has been constructed, using QTL 
analysis. The resulting high-resolution map shows similar QTLs for both G. rostochiensis and 
G. pallida resistance close to marker TG432. After classification of the genotypes for 
resistance to G. pallida Pa2 and G. rostochiensis Ro5, Grp1 resistance behaved as a 
monogenic R gene and could be mapped between the markers SPUD839 and TG432. The 
segregating alleles of the two flanking markers are in coupling phase with and tightly linked 
to the Grp1 locus (0.9 and 0.2 cM, respectively). Together with information on candidate 
genes in the area, this will form the basis for the identification of the gene(s) underlying Grp1 
resistance to populations of both G. pallida and G. rostochiensis. 
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Materials and methods 
 
Plant material 
A population (F1AMRH) of 1,536 F1 genotypes from the cross between the diploid potato 
clones 3778-16 (AM) 9 RH89-039-16 (RH) were used (Park et al. 2005). The female parent 
(AM) harbors the Grp1 locus that confers major resistance to the PCN pathotypes Ro5 (G. 
rostochiensis line Ro5/22) and Pa2 (G. pallida population D383), as well as partial resistance 
to pathotype Pa3 (G. pallida population Rookmaker) and was produced by prickle pollination 
of the tetraploid potato clone AM 78-3778 with haploid S. phureja inducer clones (Rouppe 
Van Der Voort et al., 1998). AM78-3778 is an interspecific hybrid between S. tuberosum and 
several wild potato species including S. vernei 24/20, S. vernei ssp. ballsii 2/1, S. vernei LGU 
8, S. oplocense EBS 1786 and S. tuberosum ssp. andigena CPC 1673. The male parent (RH) 
is fully susceptible to all potato cyst nematode populations tested. 
 
Marker analysis 
Genomic DNA from AM, RH and progeny was available (Park et al., 2005). CAPS markers 
GP21 and GP179 were used as described (Rouppe Van Der Voort et al., 1998). Thirteen PCR 
markers were designed based on sequence information derived from chromosome V of S. 
demissum or from the GABI database (Riano-Pachon et al., 2009). The DNA sequences of the 
PCR primers, their background and the corresponding thermal cycling conditions used for 
each are presented in Table 1. Five primer combinations resulted in AM allele specific PCR 
markers. The remaining eight primer combinations resulted in segregating AM alleles after 
digestion of the amplification products using indicated restriction endonuclease (Table 1). 
Primer sequences of markers SPUD839, TG432 and SPUD1636 were as described (De Jong 
et al., 1997; Bryan et al., 2002). 
 
Resistance assays 
PCN resistance assays were performed on plants derived from tubers as described (Rouppe 
van der Voort et al., 1997a). The inheritance of resistance to PCN populations Ro5-22 and 
Pa2-D383 was analysed in population F1AMRH using three replicates of genotypes that 
showed a recombination event between markers GP21 and GP179. Cv Eigenheimer was 
included as a susceptible standard. 
 
Data analysis and QTL mapping 
Analysis of variance was carried out on log10(x+1) transformed average cyst counts per plant 
genotype according to the model: 
 
σ²tot= σ²gen + σ²rep 
 
where σ²tot is the phenotypic variance, σ²gen  is the genetic variance among the plant genotypes 
and σ²rep is the environmental variance among replications. Broad-sense heritability was 
estimated according to the formula:  
 
h² = σ²gen/( σ²gen + σ²e/n)  
 
where σ²gen is the genetic variance among the plant genotypes, σ²e is the error variance and n 
is the number of replicates. The data on marker segregation of the resistant parent AM was 
included for QTL analysis using the program MapQTL 5 (Van Ooijen, 2004). An LOD value 
of 2.5 was chosen as a threshold value (Lander and Botstein, 1989) 
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Results 
 
Markers closely linked to the Grp1 locus 
The nematode resistance locus Grp1 has previously been mapped in a 3 cM interval on 
chromosome V of the diploid potato clone AM flanked by CAPS markers GP21 and GP179 
(Rouppe Van Der Voort et al., 1998). To increase the resolution in this interval, 1,536 
progeny of the mapping population RHAM026 were screened for the presence or absence of 
the markers GP21 and GP179 (Table 1). A total of 61 genotypes showed a recombination 
event between these two markers, resulting in an interval of 3.97 cM. 
 
To identify markers closely linked to the Grp1 locus, primers were designed on sequences 
derived from this locus in other potato genotypes that were retrieved from GenBank and the 
GABI database. Thirteen primer combinations resulted in a segregation of the AM allele. 
Table 1 presents the markers in more detail. Five markers were AM allele specific, showing 
the presence or absence of the amplification product. Eight markers were polymorphic after 
digestion with an appropriate enzyme (CAPS markers). In addition, polymorphisms were 
found for markers SPUD839 and TG432 (De Jong et al., 1997) and for SPUD1636 (Bryan et 
al., 2002). The 16 markers that revealed a polymorphism between AM and RH were 
subsequently tested on a subset of 54 genotypes that showed a recombination event in the 
GP21–GP179 interval. All markers were placed between GP21 and GP179 (Figure 1). Some 
markers were not separated by recombination events and were grouped together. 
 
High-resolution map of the Grp1 locus 
The Grp1 locus harbors resistance to two potato cyst nematode species viz. a major resistance 
to Globodera pallida pathotype Pa2 and a major resistance to G. rostochiensis Ro5 (Rouppe 
Van Der Voort et al., 1998). In addition, a minor resistance to G. pallida Pa3 was detected 
(Rouppe Van Der Voort et al., 1998). It was shown that the QTLs for Pa3 coincided with the 
QTL for Pa2. Therefore, the 54 recombinants were tested for resistance to nematode 
population D383 (Pa2) and line Ro5/22. 
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Figure 1. Fine mapping of the GP21-GP179 interval on chromosome V of the diploid potato clone AM. Markers 
are presented in the correct genetic order. SPUD839, TG432, BA47F2, SD1, BA87D17, P3F8, BA43A11, SD4, 
SD5, SPUD1636, SD7 and GP179 are in coupling with GP21 and SD2, BA213C14, BA76O11, SD3 and SD6 
are in repulsion with GP21. Bold horizontal lines represent chromosomal regions derived from the haplotype 
harbouring GP21 and thin horizontal lines represent chromosomal regions derived from the other haplotype. In 
the column to the right, the number of genotypes for each recombination event is given.  
 
Resistance was evaluated by counting the number of newly formed cysts on a subset of 54 
progenies with recombination events between the markers GP21 and GP179. The progenies 
were split into two identical sets that were separately, but simultaneously, assessed for Ro5 
and Pa2 resistances. The average number of cysts developed per plant genotype for each 
nematode population is presented in Table 2. The resistant parent showed an average of 2 
cysts per plant for Ro5 and 1 for Pa2, while on the susceptible parent 103 and 70 cysts per 
plant developed for Ro5 and Pa2, respectively. 
Analysis of variance on normalised cyst counts revealed that the genetic variance for both G. 
pallida and G. rostochiensis resistance was significant (P \ 0.0001). The log-transformed 
values of the averaged number of cysts per genotype showed a continuous distribution 
skewed towards susceptibility for both nematode populations.                                     .                        
.
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genotype 
average number of  
G. rostochiensis  cysts 
±standard deviation 
average number of  
G. pallida cysts 
±standard deviation 
1B12 55±4.16 51±21.73 
1E11 130±13.23 35±8.33 
1F8 141±25.24 57±22.59 
1F10 142±40.95 64±10.15 
1G4 5±2.65 5±1.53 
1H4 24±9.61 12±1.73 
1H10 109±19.97 64±1.53 
1H12 28±13.53 34±5.69 
2E11 46±18.33 28±2.08 
2H8 90±7.21 36±4.16 
3A5 30±11.24 26±7.00 
3B7 39±11.93 39±7.81 
3D10 23±10.54 23±6.24 
3H1 73±20.22 42±14.80 
3H5 7±1.53 19±6.51 
4A7 14±5.66 8±2.08 
4A8 32±15.28 24±10.58 
4B6 149±6.56 59±9.07 
4E6 7±4.73 3±0.58 
5A6 111±29.46 79±3.79 
5A12 24±13.89 18±3.79 
5C1 23±7.64 15±3.79 
5G9 58±17.01 47±36.29 
5G11 12±3.51 7±3.06 
5H5 79±32.93 93±16.86 
5H6 13±2.52 14±1.73 
6B4 44±10.21 19±5.69 
6B8 6±4.93 12±5.29 
genotype 
average number of  
G. rostochiensis  cysts 
±standard deviation 
average number of  
G. pallida cysts 
±standard deviation 
7E9 49±9.00 105±31.94 
7G3 157±72.28 68±18.61 
8C4 49±17.10 32±6.35 
8G1 52±10.69 38±19.40 
8H2 41±3.61 24±13.05 
9B11 222±76.95 51±15.39 
9E7 7±4.04 6±2.00 
9G3 1±1.73 38±10.44 
9G6 1±0.00 5±1.00 
10F11 28±7.81 29±3.51 
10G8 34±11.06 23±7.51 
11B4 44±3.06 20±5.00 
11B8 101±21.46 31±18.50 
12C2 37±12.12 8±8.00 
12C6 70±35.84 16±8.74 
12F5 176±17.93 82±9.71 
12G2 52±15.95 50±23.97 
13H9 10±2.83 14±6.66 
14A9 14±2.52 6±2.52 
14F10 14±5.13 8±7.21 
14E8 29±5.51 34±9.17 
15D1 25±8.50 34±7.51 
15D3 80±16.20 60±12.49 
15F2 65±23.97 58±9.61 
16F4 4±4.73 8±4.58 
AM 2±0.58 1±1.41 
RH 103±17.21 70±8.66 
Eigenheimer 82±20.21 90±25.98 
 
Table 2. Average numbers of cysts from G. rostochiensis and G. pallida detected on each potato genotype. The 
genotypes are indicated in the first column. The average numbers of G. rostochiensis cysts ± the standard deviations 
are indicated in the second column. The third column indicates the average numbers of G. pallida cysts ± the 
standard deviations 
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The broad-sense heritability was estimated to be 0.95 for G. rostochiensis and 0.93 for G. 
pallida. Interval mapping in the GP21–GP179 region was applied on the average number of 
cysts per genotype. For both G. pallida and G. rostochiensis, a significant QTL was detected 
with a maximum LOD score of 9.03 and 7.90, respectively. The QTL for G. pallida resistance 
explains 67% of total G. pallida resistance and the QTL for G. rostochiensis resistance 
explains 62% of total G. rostochiensis resistance. LOD score graphs for G. rostochiensis and 
G. pallida resistance are presented in Figure 2. 
 
 
 
Figure 2. LOD graphs of G. rostochiensis Ro5 resistance (dashed line) and G. pallida Pa2 resistance 
(continuous line). The vertical axis represents the LOD score and the horizontal axis represents the genetic map. 
The threshold LOD of 2.5 is indicated by the dotted horizontal line. 
 
Grp1 resistance is located in an interval that is known to harbor single dominant R genes in 
other potato genotypes (Kuang et al., 2005; Ballvora et al., 2007).  In addition, because PCN 
are obligatory outbreeding nematode species, the nematode populations used to test for 
resistance are most likely a mixture of virulent and avirulent genotypes (Janssen et al., 1990). 
Therefore, it is possible that the quantitative effect of the Grp1 resistance is caused by the 
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genetic diversity of the nematodes and that resistance is monogenic. To test this, the plant 
genotypes were first sorted on the presence or absence of the closest marker, which is TG432 
for both G. rostochiensis (LOD 7.3) and G. pallida (LOD 7.9) resistance, and then according 
to ascending cyst numbers (Figure 3). For the majority of the genotypes, the presence of 
marker TG432 was indicative of the degree of resistance (Figure 3). A small number of 
genotypes with an intermediate level of resistance lacked a correlation with marker TG432, 
indicating that also other regions in the potato genome affect the degree of resistance. 
 
 
 
Figure 3. Distribution graphs for the number of G. rostochiensis cysts (a) and G. pallida cysts (b). The Y axes 
represent the number of cysts per plant. The X axes represent the potato genotypes. In the potato genotypes to 
the left of the dashed vertical line, marker TG432 is present and in the potato genotypes to the right of this line, 
marker TG432 is absent. Potato genotypes in the grey areas are classified as intermediate, while those above the 
gray areas are classified as susceptible and those below as resistant. Potato genotypes that are discussed in the 
text are indicated with a code. 
 
The G. pallida and G. rostochiensis resistance conferred by the Grp1 locus showed tight 
linkage in the test population of 1,536 potato genotypes. Both resistances could be mapped 
between markers SPUD839 (with nine recombination events) and TG432 (with one 
recombination event; Figure 4).  
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Figure 4. Schematic representation of three genetic maps of the GP21-GP179 interval on chromosome V of 
potato. The horizontal line indicated with AM is the high-resolution map produced in this study, with genetic 
distances between markers in cM. Distances indicated with * equal 0.09 cM. The location of Grp1 is indicated 
with an arrow. Below AM are the maps MPI, a map of S. demissum as described (Ballvora et al., 2007) and 
UCB, also a map of S. demissum as described (Kuang et al., 2005). Common markers are connected with dotted 
lines. The grey area marks the location of R1 homologs in both the MPI and the UCB map. Prf homologs and 
Bs4 homologs are only found by Kuang et al. (2005). Marker BA47F2 is a genetic marker in AM, and is 
physically mapped in MPI and UCB. 
 
Eight susceptible recombinants clearly indicated that resistance conferred by Grp1 is located 
south of SPUD839 and one recombinant between marker TG432 and Grp1 (4A7) gives a 
clear resistant phenotype indicating that Grp1 resistance is located north of TG432. Two 
potato genotypes (3H1 and 1B12) have a recombination event between markers SPUD839 
and TG432, but have intermediate levels of resistance for G. pallida and G. rostochiensis. It 
is, therefore, not clear where these recombination events take place exactly. Grp1 resistance 
behaves as a single gene; none of the recombinants between SPUD839 and TG432 showed a 
clear difference in resistance or susceptibility to either one of the two nematode species. Only 
the recombinant genotype 2H8 showed some, but inconclusive, difference in resistance level. 
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This genotype was classified as susceptible for G. rostochiensis (90 cysts), but had an 
intermediate level of resistance for G. pallida (36 cysts; Figure 3). One genotype (12C6) 
showed a marked difference in average cyst number to both PCN species (Figure 3). 
However, this double recombination event results in a singleton. This genotype has a 
recombination event between group1 and marker SD2 (Figure 1) and the four other genotypes 
that have a recombination event between group1 and SD2 show resistance and susceptibility 
as expected. Therefore, it is suspected that the G. rostochiensis resistance phenotype of 
genotype 12C6 is the result of a mistake, which is also corroborated by a large standard 
deviation for the cyst numbers of G. rostochiensis (Table 2), and this genotype was omitted 
from further analysis. Markers flanking the Grp1 locus define an interval of 1.08 cM. From 
these results, it can be concluded that PCN resistance conferred by the Grp1 locus may be 
attributed to a single gene or to two or more tightly linked genes. 
 
 
Discussion 
In this study, a high-resolution map of the broad-spectrum potato cyst nematode resistance 
locus Grp1 was constructed. Sixteen markers were identified within the 3.97 cM interval that 
harbours this locus. A recombination analysis followed by phenotyping for resistance resulted 
in the identification of significant QTLs for both G. rostochiensis and G. pallida resistance. 
The graphs of G. pallida and G. rostochiensis resistances are almost identical, both with the 
highest LOD score close to marker TG432. In this region, several other PCN resistance loci 
have been mapped. Gpa and GpaM1 in S. spegazzinii (Kreike et al., 1994; Caromel et al., 
2003), GpaVsspl in S. sparsipilum (Caromel et al., 2005) and Gpa5 (Rouppe van der Voort et 
al., 2000). In addition another G. pallida resistance gene was also mapped in this region, 
which resembles the Gpa5 locus so much that it is suggested to be the same locus in S. vernei 
(Rouppe van der Voort et al., 2000; Bryan et al., 2002). All these loci confer resistance to G. 
pallida only and at least some of them have been introgressed in commercial potato varieties 
(Sattarzadeh et al., 2006). In contrast, Grp1 confers resistance to both G. pallida and G. 
rostochiensis (Rouppe Van Der Voort et al., 1998). 
 
The Grp1 locus explains 62% of the total G. rostochiensis resistance and 68% of the total G. 
pallida resistance. This suggests that other places in the genome harbour minor resistance 
effects, which could be an explanation for the occurrence of the intermediate genotypes after 
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the ordering based on the presence and absence of marker TG432 (Figure 3). Remarkably, no 
significant QTLs have been detected elsewhere in the genome (Rouppe Van Der Voort et al., 
1998). Interestingly, all G. pallida resistance loci that map in the GP21-GP179 interval on 
chromosome V are found in genotypes that harbour other QTLs for resistance. Kreike et al. 
(1994) and Caromel et al. (2003) found two other minor G. pallida resistance loci on chro- 
mosomes IV and VII, and VI and XII, respectively. For GpaVsspl and Gpa5 additive G. 
pallida resistance loci were identified on chromosomes XI and IX, respectively (Rouppe van 
der Voort et al., 2000; Bryan et al., 2002; Caromel et al., 2005). 
 
Genome-wide sequence analysis and genetic mapping of R gene candidates have shown that 
R genes are often located in clusters spread throughout the plant genome (reviewed by 
Gebhardt and Valkonen, 2001). Notably, QTLs conferring resistance to potato cyst nematodes 
often co-localize with clusters of R gene homologs. A Phythophthora infestans resistance 
locus, explaining 50% of the field resistance, resides in a region comprising R gene homologs 
of the NBS-LRR class (Tan et al., 2008). In addition, this resistance is associated with a 
hypersensitive response, normally resulting from dominant R genes of the NBS-LRR class. 
This indicates that R genes of the NBS-LRR class may contribute to partial resistance to P. 
infestans, a situation that may also apply to the quantitative resistance conferred by Grp1. 
 
It is also noted that potato cyst nematodes reproduce by obligate outcrossing, and that PCN 
populations often consist of a mixture of virulent and avirulent genotypes (Bakker et al., 
1993). As a consequence, quantitative resistance to PCN may be conferred by dominant R 
genes operating on the basis of a classical gene-for-gene relationship. Indeed, after dividing 
the recombinant genotypes used to fine map the Grp1 locus into classes of resistant, 
intermediate and susceptible genotypes for G. pallida and G. rostochiensis, both resistances 
behaved as single dominant R genes. The resistances to G. pallida and G. rostochiensis could 
not be separated by a recombination event suggesting that Grp1 resistance is conferred by a 
single R gene or tightly linked R genes. Preliminary comparative mapping (data not shown) 
indicates that Grp1 resistance is positioned in the same area as the homologs of R1, Bs4 and 
Prf. R1 and Bs4 mediate resistance to P. infestans in potato (Ballvora et al., 2002) and 
Xanthomonas campestris pv. vesicatoria in tomato (Schornack et al., 2004a), respectively. Prf 
interacts with AvrPto (Salmeron et al., 1996). All three genes belong to the NBS-LRR class of 
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resistance genes and could be used as candidate genes for Grp1. 
 
Because so many G. pallida resistances have been mapped to the same region on 
chromosome V in various potato species, it can be suggested that several of these resistances 
have a common evolutionary background. This suggestion is strengthened by the fact that all 
these loci confer resistance to the pathotypes Pa2/3. In case of a common origin, the 
resistance specificity must be relatively old and arisen before the speciation of S. vernei, S. 
sparsipilum and S. spegazzinii. However, the resistance locus Grp1 confers not only 
resistance to G. pallida Pa2/3, but also to G. rostochiensis Ro5. The potato genotype that 
harbours Gpa5 is closely related to the genotype that harbours Grp1 and many common 
markers have been identified (Rouppe van der Voort et al., 2000). Because breeding was only 
focussed on G. pallida resistance, it was speculated that G. rostochiensis resistance was lost 
during selection (Rouppe van der Voort et al., 2000). Based on the comparison of common 
markers at the Gpa5 locus and the Grp1 locus, it was suggested that G. pallida resistance was 
conferred by a gene north of TG432 and G. rostochiensis resistance by a gene south of marker 
TG432. This is not confirmed by the high-resolution map of the Grp1 locus produced in this 
study, which suggests that both Pa2/3 and Ro5 resistances are conferred by a single gene, or 
two or more tightly linked genes just north of TG432. 
 
If Grp1 resistance is conferred by a single gene, this gene has a dual specificity. So far, 
multiple specificities have been shown for Mi-1, Hero and RPM1 (Grant et al., 1995; Rossi et 
al., 1998; Vos et al., 1998; Ernst et al., 2002; Nombela et al., 2003). Hero confers a high level 
of resistance to all pathotypes of G. rostochiensis and partial resistance to G. pallida (Ernst et 
al., 2002). Mi-1 confers resistance to several species of root-knot nematodes as well as to 
aphids and whiteflies (Milligan et al., 1998; Rossi et al., 1998; Vos et al., 1998; Nombela et 
al., 2003). It is unlikely that Mi-1 interacts with identical ligands from all these pests. Even 
within these pest species, variability in virulence occurs, indicating that ligand conservation 
among these taxonomically unrelated species is not very likely. Although G. pallida and G. 
rostochiensis are sibling species, it has been shown that they are extremely distinct at the 
molecular level (Bakker and Bouwman-Smits, 1988). Like Mi-1 resistance, Grp1 resistance 
also shows within-species variability in virulence. There- fore, we assume that Grp1 does not 
recognise identical ligands from G. pallida and G. rostochiensis. It is more likely that Grp1, 
like RPM1 (Mackey et al., 2002) recognises indirectly (‘‘guard model’’) two unrelated 
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effectors that modify the same host protein. Proof for such a dual specificity of Grp1 can only 
be given after the identification of the gene underlying this resistance locus, for which this 
study will form the basis. 
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Comparative sequence analysis of the 
potato cyst nematode resistance  
locus H1 reveals a major lack  
of co-linearity between three 
haplotypes in potato  
(Solanum tuberosum ssp.) 
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Abstract 
 
The H1 locus confers resistance to the potato cyst nematode Globodera rostochiensis  
pathotypes 1 and 4. It is positioned at the distal end of chromosome V of the diploid 
Solanum tuberosum genotype SH83-92-488 (SH) on an introgression segment derived 
from S. tuberosum ssp. andigena. Markers from a high-resolution genetic map of the H1 
locus (Bakker et al., 2004) were used to screen a BAC library to construct a physical 
map covering a 341 Kb region of the resistant haplotype coming from SH. For 
comparison, physical maps were also generated of the two haplotypes from the diploid 
susceptible genotype RH89-039-16 (S. tuberosum ssp. tuberosum/ S. phureja), spanning 
syntenic regions of 700 and 319 Kb. Gene predictions on the genomic segments resulted 
in the identification of a large cluster consisting of variable numbers of the CC-NB-LRR 
type of R genes for each haplotype. Furthermore, the regions were interspersed with 
numerous transposable elements and genes coding for an extensin-like protein and an 
amino acid transporter. Comparative analysis revealed a major lack of gene order 
conservation in the sequences of the three closely related haplotypes. Our data provide 
insight in the evolutionary mechanisms shaping the H1 locus and will facilitate the map-
based cloning of the H1 resistance gene.   
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Introduction 
Potato (Solanum tuberosum) is the fourth most important food crop in the world. Worldwide 
more than 19 million ha of potatoes are grown with a total economic value higher than 31 
billion US$ ( http://www.potato2008.org/en/world/index.html ). Potato was brought to Europe 
by Spanish explorers in the 16th century from the Andean region of South America (Bradshaw 
and Ramsay, 2005). Since then, it has been cultivated as a food crop by vegetative 
propagation of tubers. Together with the potatoes, the potato cyst nematodes (PCN) species 
Globodera pallida and G. rostochiensis became introduced into the old world. With the 
rapidly increasing acreage of cultivated potato in years following its introduction, the 
nematodes spread along over the European continent, and later on into other potato growing 
regions all over the world. Most current estimates suggest that the annual potato production 
worldwide is diminished by at least 10% due to infestations with potato cyst nematodes 
(Oerke et al., 1994).  
 
Potato cyst nematodes have a narrow host range parasitizing exclusively on members of the 
Solanaceae family, including potato, eggplant and tomato (Sullivan et al., 2007). Potato cyst 
nematodes are sedentary endoparasites, whose survival and reproduction fully depends on a 
sophisticated feeding site induced by the nematodes inside a plant root (Gheysen and 
Mitchum, 2009; Sobczak and Golinowski, 2009). At the end of their life cycle, the fertilized 
adult females die and their dead hardened bodies form a protective cyst containing the eggs 
with the next generation of juveniles (Williamson and Hussey, 1996). The cyst allows 
dormant PCN to survive for many years in the soil in temperate climate regions. Moreover, 
the juveniles of PCN will only hatch from the eggs when a suitable host plant is present. This 
long survival in the absence of host plants makes crop rotation not a very cost-effective 
method to control this pathogen. On the other hand, control of PCN by soil disinfection with 
unspecific pesticides presents its own disadvantages because of the environmental impact of 
the chemicals used. To prevent this damage the EU has recently introduced legislation to 
remove from use almost all active compounds effective against plant-parasitic nematodes 
(Rosso et al., 2009). Therefore, breeding nematode resistant cultivars is gaining support as a 
durable and environmentally friendly alternative for control of PCN.  
 
So far, fourteen PCN resistance gene loci have been mapped on eight linkage groups in 
potato. These resistances originate from wild potato species like S. tuberosum ssp. andigena, 
CHAPTER 4 
 
 64 
S. vernei, S. spegazzinni, S. tuberosum ssp. tuberosum, S. tarijense and S. sparsipilum 
(reviewed by Tomczak et al., 2009). They confer partial (Gro1.2, Gro1.3, Gro1.4 (Kreike et 
al., 1996); GpaIVsadg (Moloney et al., 2010); Gpa (Kreike et al., 1994); Gpa5, Gpa6 (Rouppe 
van der Voort et al., 2000); Grp1 (Rouppe Van Der Voort et al., 1998);  GpaVSspl, GpaXISspl 
(Caromel et al., 2005); GpaM1, GpaM2, GpaM3 (Caromel et al., 2003); GpaXIltar (Tan et al., 
2009)) or nearly absolute (H1 (Gebhardt et al., 1993; Kreike et al., 1993; Pineda et al., 1993; 
Bakker et al., 2004); GroVI (Jacobs et al., 1996); Gro1-4 (Barone et al., 1990; Ballvora et al., 
1995; Paal et al., 2004) and Gpa2 (Rouppe van der Voort et al., 1997a; Van der Vossen et al., 
2000)) resistance to one or more PCN pathotypes. The loci associated with nematode 
resistance often map to the regions known to carry resistances to other plant pathogens, so 
called hot spots for resistance (Gebhardt and Valkonen, 2001). To date, three PCN resistance 
genes have been characterized at the molecular level, viz. Gpa2 from S. tuberosum ssp. 
andigena (Van der Vossen et al., 2000), Hero from tomato (Ernst et al., 2002) and Gro1-4 
from S. spegazzinni (Paal et al., 2004). They both encode NB-LRR proteins, representing the 
largest class of resistance genes in plants.  
 
The H1 resistance gene was discovered in 1952 in S. tuberosum ssp. andigena, a genotype 
present in the Commonwealth Potato Collection. Since then, it has been introgressed into 
many commercially available cultivars. The H1 gene is known for its durability (Evans, 1993) 
and even today after many decades of use, the gene is still effective against G. rostochiensis 
in many areas. H1 is also the only nematode resistance gene, for which a gene-for-gene 
interaction was genetically proven (Janssen et al., 1991). It confers resistance to PCN by 
triggering a hypersensitive response in a layer of cells surrounding the young feeding site, 
which leads to the degeneration of the syncytium in less than one week after its induction 
(Rice et al., 1985). The food supply thus becomes a strongly limiting factor for the nematodes 
and hence, the majority of them develop into males while following epigenetic sex-related 
developmental cues (Trudgill, 1991). The H1 locus has been mapped to the distal end of the 
long arm of chromosome V together with the two closely linked RFLP markers CP113 and 
CD78 (Gebhardt et al., 1993; Pineda et al., 1993). In 2004, Bakker et al. constructed a high-
resolution genetic map of the H1 locus in the diploid potato clone SH83-92-488 (SH) with a 
bulked-segregant analysis and the use of the ultra-dense genetic map of potato ((Van Os et al., 
2006); https://cbsgdbase.wur.nl/UHD/). In this high-resolution map, the AFLP markers EM1 
and CM1 were in coupling phase and tightly linked to the H1 resistance gene (0.25 and 0 cM, 
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respectively (Bakker et al., 2004).  
 
Because of their tight linkage with H1 resistance, we used the markers CM1 and EM1 to 
screen a BAC library of SH to construct a physical map spanning the H1 locus. In addition, a 
physical map was also constructed for the matching regions of the two haplotypes of the 
susceptible diploid potato genotype RH89-039-16 (RH). Analysis of the three homologous 
genomic sequences revealed the presence of a large cluster of CC-NB-LRR genes on all three 
haplotypes. However, the sequences further revealed a substantial variation in the genomic 
organisation at the H1 locus among the three closely related haplotypes. We found only two 
co-linear regions, one of which is located outside the R gene cluster. Our data demonstrate 
that the H1 resistance gene is located in a region that is highly divergent between haplotypes, 
occupied by large R gene clusters, rich in repeats and showing repressed recombination rates. 
All these findings implicate that a map-based cloning strategy may be not sufficient for 
cloning the functional H1. Hence, the extensive comparative sequence analysis presented in 
this paper may facilitate the identification of this durable nematode resistance gene.  
 
Materials and methods 
 
Plant material and DNA extraction 
A diploid mapping population of a cross between the two potato clones SH83-92-488 (further 
referred to as SH) and RH89-039-16 (further referred to as RH) has been previously 
developed for dissecting nematode resistances (Rouppe van der Voort et al., 1997a). The 
female parent SH contains in a background of S. tuberosum an introgression segment 
originating from the wild accession S. tuberosum ssp. andigena CPC1673, which carries 
resistance to pathotype Ro1 and Ro4 of Globodera rostochiensis. The male parent RH has 
been selected for its fertility and the production of vigorous offspring and lacks resistance to 
any known PCN pathotype. It descends from the cross between SUH2293 and BC1034 and 
contains S. tuberosum ssp. tuberosum and S. phureja in genetic background. Plant genomic 
DNA was extracted from frozen leaf tissue of in vitro plants using the DNeasy Plant Mini Kit 
(QIAGEN Benelux B.V., Venlo, The Netherlands).  
 
BAC library screening 
The BAC library from the diploid clone SH83-92-488 consists of 97,920 clones and 
represents between 9 and 10 haploid genome equivalents. This BAC library is an extension of 
the BAC library containing 60,000 clones described by Rouppe van Der Voort et al. (1999a).  
Pooling and preparation of the BAC clones into 255 pools for screening was done as 
previously described in Kanyuka et al. (1999) and Bakker et al. (2003a). Plate pools were 
screened using primer pairs based on genetic markers and R gene sequences (Table 1). The 
BAC coordinates of positive clones were identified by columns/rows PCR on bacterial 
cultures. The single BAC DNA was extracted from a 500 ml culture in LB medium 
supplemented with 12.5 μg/ml of chloramphenicol for selection. Plasmid DNA was isolated 
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using “Very Low-Copy Plasmid/Cosmid Purification” protocol included in the Plasmid Midi 
Kit (Qiagen, Hilden, Germany). 
 
The RH BAC library consists of 78,336 clones (5x coverage of the diploid genome) and 
originates from the diploid potato clone RH89-039-16 (Borm, 2008). To screen the RH 
library, a primer pair (H1probe3F: aca ttg gat gag cta aca ag; H1probe3R: atg act cca ccg att 
aga tc) was designed on the nucleotide binding domains of the R gene homologs in the region 
with 93-98% nucleotide identity. A 272-bp DNA probe was synthesized by PCR using an 
incubation at 94°C for 2 min, followed by 30 cycles of 94°C for 30 sec, 58°C for 30 sec and 
72°C for 90 sec, while finishing with an elongation step at 72°C for 5 min. Hybridization was 
performed on filters onto which the RH BAC library was spotted in duplo. Preparation of the 
filters and hybridization were performed by Greenomics, Wageningen, The Netherlands.  
 
Physical mapping 
To build scaffolds and contigs of positively selected SH BACs, the BAC inserts were 
fingerprinted using AFLP with EcoRI/MseI restriction enzymes and adapters without 
selective nucleotides as described by Vos et al. (1995). Similarly, the RH BACs were 
fingerprinted with a capillary sequencer as described by Borm (2008).  Band files were 
processed by the software package Finger Printed Contigs (FPC, (Soderlund et al., 1997) to 
construct the minimal tiling paths.  
 
Genetic mapping  
AFLP analysis was performed using primer combinations from the UHD map of potato 
(http://www.plantbreeding.wur.nl/potatomap/) and the protocol described previously (Vos et 
al., 1995). The DNA sequences of the PCR primers, the corresponding thermal cycling 
conditions and details about the AFLP markers are listed in Table 1. Simple Sequence Repeat 
(SSR) primer pairs (Table 1) were used on BAC DNA and genomic potato DNA using the 
following thermal cycling conditions: 94 °C for 5 sec followed by 25 cycles of: 94°C for 30 
sec, 56°C for 30 sec and 72°C for 30 sec, followed by 7 min incubation at 72°C. Visualisation 
of SSR markers was carried out using a Li-cor sequencer (Li-cor, Lincoln, NB, USA) 
according to the manufacturer’s description. To map the SSR markers, a mapping population 
of 136 F1 genotypes from the cross between the diploid potato clones RH x SH was available 
(Rouppe van der Voort et al. 1997). The forty-five most informative genotypes from a 
mapping population were selected using the software package MapPop 
(http://www.bio.unc.edu/faculty/vision/lab/mappop/) based on the maximum number of 
recombination events distributed over the genome. The UHD map of potato (Van Os et al., 
2006) was used as input for MapPop. Segregating bands were mapped with the software 
package BINmap+ (Borm, 2008). Mapping of SH BACs was performed using SCAR, SNP 
and AFLP markers (Table 1) on the set of thirty genotypes used previously for the 
construction of an high-resolution map (Bakker et al., 2004), and on thirty-four new 
recombinants based on recombination events between two PCR markers flanking the H1 
locus. 
 
BAC sequencing and sequence analysis 
Whole BAC clones were sequenced by shotgun sequencing with 6x, 10x or a full coverage 
(Greenomics, Wageningen, The Netherlands and GATC Biotech AG, Konstanz, Germany). 
Dotter (Sonnhammer and Durbin, 1995) and MUMmer (Kurtz et al., 2004) were used for 
comparing genomic sequences, which were then aligned using the program ClustalW 
(integrated in VectorNTI suite, InforMax, Bethesda, US) and the sequence assembly program 
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SeqMan (part of the package DNAstar v6, DNASTAR, Madison, US). The sequences of SH 
BACs which could be ordered and oriented in H1 contig were deposited in NCBI/GenBank as 
a gapped contig under accession number HQ223091. The sequence fragments of BAC 
SH202H07 were deposited in NCBI/GenBank under accession number HQ223092. 
Genes were annotated by combining predicted open reading frames from the gene finder 
program (FGENESH (Salamov and Solovyev, 2000), using tomato as a model) with 
alignments of homologous sequences in public databases using BLASTN and BLASTP 
algorithms (Altschul et al., 1998). Annotation was also supported by finding a similarity with 
domains from curated domain databases at Interpro (Zdobnov and Apweiler, 2001). The 
abovementioned three types of data were used for manual curation resulting in the 
identification of genes at each haplotype.  
Long terminal repeats (LTR) retrotransposons were identified using the LTR-finder tool (Xu 
and Wang, 2007). Transposable elements were identified using CENSOR (Kohany et al., 
2006) and transposons related genes were identified with BLASTX search on NCBI (Altschul 
et al., 1998). Tandem repeats were predicted using Tandem Repeats Finder (Benson, 1999). 
Simple repeats were identified with help of a DNA microsatellite repeat search utility called 
SPUTNIK (http://www.cbib.u-bordeaux2.fr/pise/sputnik.html). 
Results 
 
Physical map construction of the H1 locus for the resistant haplotype SH0 
According to the previously constructed high-resolution map of the H1 locus (Bakker et al., 
2004) the AFLP markers CM1 and EM1 are in coupling phase with the H1 resistance gene in 
the diploid potato genotype SH83-92-488. Marker CM1 could not be separated from 
resistance, while EM1 is separated by 0.25 cM. These findings were confirmed by screening 
an additional 1,116 progeny of the same SHxRH F1 mapping population (data not shown). 
Testing the additional progeny for CAPS marker 239E4left added 17 recombinants, which 
diminished its genetic distance from resistance to 2.1 cM. To identify the genome segment 
corresponding to markers CM1 and EM1, the SH BAC library comprising 97,920 clones with 
an estimated five times coverage of the diploid genome (Rouppe van Der Voort et al., 1999a) 
was screened for the presence of these markers. This resulted in the identification of eight 
BAC clones, five of them selected with marker CM1 (i.e., SH196L20, SH057A05, SH110I21, 
SH245E19, and SH185K02) and three with marker EM1 (SH192L10, SH210E14, 
SH224A08), which were used for constructing a physical map of the resistant haplotype, 
which will be referred to as SH0. 
 
For each of the eight selected BAC clones, an AFLP fingerprint was made with the restriction 
enzymes EcoRI and MseI (Vos et al., 1995). Based on common bands in the fingerprints, a 
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minimal tiling path was obtained consisting of four BACs (SH192L10, SH210E14, 
SH110I21, and SH057A05), which were all sequenced by shotgun sequencing. Analysis of 
the sequences confirmed the presence of the AFLP markers CM1 and EM1 and the presence 
of eight NB-LRR resistance gene homologs. Two other BACs reacting to either the CM1 or 
EM1 probes (SH245E19 and SH185K02) were fully overlapping with the minimal tiling path 
and as such, they were excluded from further study. The two remaining BACs (SH196L20 
and SH224A08) that did not fit in the minimal tiling path were also sequenced. Surprisingly, 
their sequences contain neither the markers EM1 nor CM1 and do not overlap with any other 
BACs in the contig. They do, however, harbour three NB-LRR sequences that are highly 
homologous (88-90% similarity) to those on the four BACs that form one contig.  
 
To extend the physical map of SH in this region, specific primer pairs were then developed on 
the sequence of: 1) conserved stretches of the LRR domains from the eleven resistance gene 
homologs present on the BACs, 2) the BAC ends delineating the minimal tiling path and 3) 
the BAC ends of the two BACs that could not be placed in the minimal tiling path. Screening 
the SH BAC library resulted in the identification of a novel BAC clone (SH202H07) that was 
positive for primers designed on one end of the minimal tiling path (SH057A05), for the 
LRR, and for a BAC end of BAC SH224A08. After sequencing this BAC, the overlapping 
regions could be confirmed and the physical map was extended with BAC SH224A08 and 
BAC SH202H07, resulting in an estimated total length of 341 Kb.  
 
In order to resolve the genetic position and haplotype of BACs SH057A05 and SH202H07, 
we designed SCAR-markers for the end of BAC SH057A05 (57R) and the end of BAC 
SH110I21 (110L) and a SNP marker for the end of BAC SH202H07 (202Sp6) and tested their 
behaviour in an SHxRH mapping population. All three markers were mapped to the H1 locus 
and always co-segregated with nematode resistance. Using the sequences of the AFLP 
markers EM1 and CM1, which are closely linked to H1 resistance, we further orientated the 
physical map and delimited the H1 region for the resistant haplotype SH0 as presented in 
Figure 1. 
 
Physical map construction of the H1 locus for the two susceptible haplotypes of RH 
To develop a similar physical map of the H1 locus in the susceptible diploid potato clone 
RH89-039-16, a probe was designed based on the NBS region of the resistance gene 
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homologs (RGHs) identified on the SH0 genome sequence. A BAC library of RH consisting 
of 78,336 clones and an estimated five times coverage of the diploid genome was spotted in 
duplo on hybridization filters. Hybridizing the probe under high-stringency conditions on the 
filters resulted in 157 positive BACs. As for the SH BACs, the 157 RH BACs were 
fingerprinted using an AFLP reaction with the restriction enzymes EcoRI and MseI, without 
selective nucleotides. Overlap between BACs was determined with FPC, resulting in twenty-
six contigs. For each contig, one representative BAC was selected for sequencing. Sequence 
analysis revealed that eleven BACs harbour NB-LRR genes with high similarity to those 
present on the H1 locus in SH0 (i.e. RH001G02, RH009O14, RH181H24, RH045N13, 
RH051N09, RH085B11, RH186C17, RH154J09, RH125E08, RH053N17, and RH140O20; 
69-100% aa identity). Two of them (RH181H24 and RH009O14) showed a minimal overlap 
with each other. Querying the HTGS nucleotide database of GenBank with the sequences of 
the eleven identified RH BACs using BLASTN algorithm (MEGABLAST) resulted in 
selection of six additional BACs (i.e. RH105N06, RH028L14, RH086K18, RH184L04, 
RH144F10 and RH056K04) which harbour H1 homologs and/or showed an overlap with any 
of the eleven initially sequenced BACs from the RH library.  
 
By using software for rapid aligment of genomes (MUMmer, Kurtz et al, 2004), followed by 
a BLAST search against the BAC-end-sequences database (BAC-end-tool, (Borm, 2008)) and 
BLASTN (Altschul et al., 1998), it was possible to build two contigs of two (RH085B11 and 
RH184L04) and nine BACs (RH001G02, RH009O14, RH181H24, RH045N13, RH105N06, 
RH028L14, RH086K18, RH144F10 and RH056K04), respectively. Application of the BAC-
end-tool a second time resulted in the extension of the smallest contig with two additional 
BACs i.e. RH051N09 and RH193K20. For RH051N09 the BAC sequence was available, 
whereas for RH193K20 only BAC end sequences were available. Only twelve out of in total 
seventeen identified and sequenced RH BACs could be physically mapped in H1 region of 
RH, while remaining five anchored further from this region or on other chromosomes of 
potato (data not shown). Hence, the estimated physical lengths of the two contigs are 
approximately 700 Kb and 319 Kb. 
Based on the presence of the three AFLP markers C34M51_(318bp), P22M39_(152bp) and 
C39M50_(53bp), which were previously mapped in the H1 locus of RH in the ultra dense 
genetic map of potato (Van Os et al., 2006), we could place the two contigs on two different 
haplotypes (from now on referred as RH0 and RH1; Figure 1). Additionally, two BACs 
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(RH051N09 and RH181H24) belonging to contigs mapped on two different haplotypes could 
be mapped in the same region (RH UHD map bin65-67 and bin60-62 respectively) by using 
SSR markers (Table 1). This further supported the anchoring of both contigs to the H1 region 
on chromosome V of potato. Furthermore, identification of BAC RH056K04 sequence 
stretches of 96% and 99.1 % identity with respectively the left and right end of the SH239E4 
BAC, from which CAPS marker 239E4left was derived (Bakker et al, 2004), provides 
additional support for anchoring the RH0 contig to the H1 genetic map. 
Co-linearity between the three haplotypes SH0, RH0 and RH1 at the H1 locus  
To study the co-linearity between the three physical maps, we have made a pairwise sequence 
comparison of all possible combinations of contiguous BAC sequences of SH0, RH0, and 
RH1 in a dot plot followed by a direct alignment of sequences. This allowed us to delineate a 
92 Kb region in SH0 and RH0 showing 100% identity (Figure 3). The beginning of the co-
linear stretch seems to be inverted, but we cannot completely exclude single BAC sequence 
assembly errors. In RH0 and RH1 a stretch of 102 Kb was found with 95% overall sequence 
identity (Figure 3). The sequences of RH1 and SH0, however, are completely non-linear and 
seem to share only a number of tandem repeats. 
.
Figure 3. Dot-plot (MUMmer) graphs comparing pairs of haplotypes: SH0 versus RH0, RH1 versus RH0 and 
RH1 versus SH0. Red lines show forward matches and blue lines show the reverse matches between two 
sequences. The units for the labeled axes are Kb.
All the RH BACs and SH202H07 were sequenced with 6x coverage, resulting in 3 to 16 BAC 
sequence fragments. These fragments were assembled into scaffolds based on sequence 
identity/overlap between single BACs and co-linearity between the three haplotypes. Five 
BAC sequence scaffolds of SH0, sixteen of RH0 and twelve of RH1 could be ordered and 
oriented (Figure 2). 
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For the remaining thirty-one scaffolds, this was not possible due to lack of sequence similarity 
between the three haplotypes, and insufficient overlap with other BACs from the same 
haplotype.  
The co-linear region between RH0 and SH0 harbours three RGHs that are 100% identical.  
Between RH0 and RH1, a 102 Kb stretch of 95% identity does not harbour any RGHs. The 
remaining part of the SH0, RH0 and RH1 sequences do not share any identical RGHs. 
Pairwise identity between full-length RGHs from all three haplotypes varies from 69 to 100% 
at the protein level (data not shown). Lack of synteny conservation observed between the 
major parts of SH0 and RH0 maps could be explained by the presence of the segment derived 
from S. tuberosum ssp. andigena that harbours the H1 gene and has been introgressed into the 
S. tuberosum ssp. tuberosum background of SH. In that case we would expect that the region 
from marker 202Sp6 to the centromere is derived from S. tuberosum ssp. tuberosum. The two 
RGHs from the centromeric side of 202Sp6 are identical to RGHs from RH0 and are therefore 
no candidates for the functional nematode resistance gene H1. However, it is possible that a 
region between marker 202Sp6 and BAC SH239E4, which ends show very high identity with 
RH0 BACs, contains more divergent RGH sequences co-segregating with resistance. This 
should be investigated in the future. From the side of the telomere, the region harbouring 
functional candidates for the H1 gene is delimited by the EM1 marker, which is not linked to 
resistance in a total of five per 2189 offsprings (0.22 cM). This narrows down the genomic 
fragment carrying H1 candidate resistance genes to 160 Kb, between the markers 202Sp6 and 
EM1.  
 
Genomic organization of the H1 locus in SH and RH: transposable elements and other 
repeats 
While combining the gene predictions and sequence similarity data, we found 60, 105, and 58 
open reading frames in three sequenced haplotypes SH0, RH0 and RH1 of the H1 locus 
respectively (Figure 2/ Table S2). This is an average of one gene per 5.2-6.6 Kb. Twelve, 
fifteen and nine open-reading frames in the SH0, RH0 and RH1 haplotypes code for proteins 
typically associated with transposable elements. In total, transposable elements occupy 17, 14 
and 12% of the total sequence at SH0, RH0 and RH1 respectively. 
 
The largest transposons found at all three haplotypes belong to the class of LTR-
retrotransposons. SH0 includes eight predicted LTR-retrotransposons ranging in size from 2.6 
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to 11 Kb. Six of them are in between resistance gene homologs, while two of them contain 
RGH coding sequences. Sixteen LTR-retrotransposons were predicted (1.7 to 15 Kb in size) 
in RH0. They are mostly interspersed between RGHs, but one LTR-retrotransposon carries an 
RGH-like sequence and three are located outside the R gene cluster. In RH1, four LTR-
retrotransposons (4.8-13.8 Kb in size) are present within a 39 Kb fragment and one of them 
also carries an RGH-like sequence. The retrotransposons in SH0 and RH0 belong to the class 
I transposable element superfamilies Copia (4 and 6) and Gypsy (4 and 10) (Wicker et al., 
2007). The RH1 haplotype, however, mostly harbours transposable elements from the Gypsy 
superfamily, clustered within a 40 Kb region. Outside the RGH region in RH0, we found two 
additional clusters of transposable elements both consisting of at least 3 predicted 
retrotransposons. These latter retrotransposons stem from the Copia, Gypsy and LINE 
superfamilies (class I transposable elements), but are situated next to a class II transposable 
element named Mutator.   
 
As the RH0 haplotype consists of a 400 Kb large R gene cluster, flanked by regions that 
contain no RGHs, we could compare these two regions in terms of repetitive sequence 
composition. The region outside the R gene cluster has a lower percentage of repetitive 
sequences than the cluster itself (11% compared to 14%). The number and total length of the 
LTR-retrotransposons is lower outside the RGH cluster than inside, wherein LTR-
retrotransposons account for more than 40% of the repeats. Furthermore, the resistance cluster 
in SH0 consists of 17% repeat sequences with an average length of 204 bp, while the RH0 
and RH1 haplotypes have lower repeats content with smaller average sizes (14% and 189 bp 
and 12% with 163 bp, respectively). We have compared the transposable element content of 
the H1 cluster and two other resistance gene clusters, viz. Gpa2/Rx1 (AF265664) from potato 
and Bs2 (AY702979) from pepper. At the H1 locus (SH0) transposable elements occupy 3-
4% more of the sequence than at the Rx1/Gpa2 locus, but 8% less than at the Bs2 locus. On 
average the LTR-retrotransposons are more abundant in the Rx1/Gpa2 and Bs2 clusters (60% 
of total TE length compared to 50% for H1). Furthermore, in the H1 cluster the number of 
predicted LTRs larger than 1 kb belonging to the Copia-like family equals the number of 
Gypsy-like elements (1:1 ratio), while in both Rx1/Gpa2 and Bs2 we found a more typical 
ratio for potato of 2:1 Gypsy to Copia LTR-retrotransposons.  
 
In addition to the large LTR-retrotransposons, which account for more than 40% of the total 
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sequence encoding TEs, a substantial amount of smaller TEs and other repetitive sequences 
were discovered at the H1 locus (Table S1). Sequence fragments with similarity to TEs from 
other orders of class I elements (LINE and SINE) and to the TEs from class II such as 
Mutator, Helitron, hAT, EnSpm and few others were identified in all three haplotypes based 
on the sequence identity. Ten simple repeats were found in SH0, while RH0 and RH1 harbour 
forty-five and twenty-nine simple repeats, respectively. More than 5% of the sequence of each 
haplotype was predicted to comprise tandem repeats. SH0 contains 147 tandem repeats with a 
unit length varying from 7 to 335 bp and a copy number ranging from 1.9 to 20.4. RH0 
contains 277 tandem repeats with a unit length from 7 to 335 bp and a copy number ranging 
from 1.8 to 23.9, while RH1 contains 116 tandem repeats of 9 to 232 bp long that are repeated 
1.8 to 119.5 times.  
 
Comparing the open reading frames in the haplotype sequences with expressed sequence tag 
data from the SGN database (Mueller et al., 2005) suggests that 40-51% of them code either 
for truncated proteins and short protein fragments. In the physical map of RH0, which covers 
the largest distance, two large regions (192 Kb to the north and 102 Kb to the south) without 
predicted RGHs flank the region harbouring 17 RGH-like sequences, which delimits the 
complete RGH cluster to approximately 400 Kb. Two regions situated outside the predicted R 
gene clusters in RH0 and RH1 (Figure 2, ORFs:  RH0 1-28; 92-105 and RH1 42-58) harbour 
genes with homology to known functional genes, including DNA repair proteins, several 
transferases, sugar transporters, integrases, aspartic proteinases precursor, lipases, putative 
C2H2-type zinc finger proteins, glutamate decarboxylases, UDP-glucose pyrophosphorylases 
and ubiquitin protein ligases. The most significant GenBank hits and corresponding e-values 
are listed in Table S2.  
 
Genomic organization of the H1 locus in SH and RH: resistance gene homologs 
The resistance gene homologs in all three haplotypes are located in single clusters, 
interspersed with several other genes, mostly occurring as single copies and coding for 
putative proteins without predicted homology. Two gene classes, however, occur as multiple 
copies and code for proteins with known function, namely: amino acid transporters and 
extensin-like proteins (Table S2/Figure 2). Thirteen, nine and six copies of genes with high 
similarity to a transmembrane amino acid transporter from Populus trichocarpa (50% 
identity, XP_002316138) are present in SH0, RH0 and RH1, respectively. A transcript 
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encoding a similar transmembrane amino acid transporter was not found in the potato 
expressed sequence tag database (at SGN), indicating that the gene is not abundantly 
expressed in potato. In comparison to the poplar genes most of the amino acid transporter-like 
genes we found in the H1 cluster are truncated or contain indels, suggesting that they are non-
functional. The genes with homology to an extensin-like gene show the highest similarity 
with an extensin-like protein from Solanum tuberosum (CAA06000) and five, four and one 
copies are present at SH0, RH0 and RH1, respectively. An expressed sequence tag with 98 % 
identity to the extensin-like protein was found in the potato ESTs collection (SGN-E558357).  
  
A total of 55 RGHs were predicted in the haplotypes SH0, RH0, and RH1. They showed the 
highest amino acid identity (52%) to the protein encoded by Rpi-blb2, a gene that confers 
resistance to Phythophthora infestans in S. bulbocastanum and that belongs to the CC-NB-
LRR class of plant resistance genes (Van der Vossen et al., 2005). In SH0 seventeen RGHs 
were identified, of which only five were predicted to encode complete CC-NB-LRR type 
resistance proteins. Two other open reading frames indicated as truncated (Figure 2, SH0, 
ORFs 1 and 60) are located at the ends of BAC inserts. For these ORFs a part of the coding 
sequence information is missing and we are unable to predict whether these genes are full 
length. The rest of the open reading frames are most likely pseudogenes due to large deletions 
in the N-terminal CC domains and LRR domains, or due to the occurrence of premature stop 
codons. In RH0 we found twenty-five RGHs, while seventeen RGHs seem to be present in the 
RH1 haplotype. Eight genes in RH0 and five genes in RH1 likely encode complete resistance 
proteins, while eight RGHs contain either deletions or premature stop codons resulting in 
truncated R genes. For one RGH some sequence information is missing because of its position 
at a BAC end. Position and orientation of all the RGHs located in this genomic region in SH0 
and RH were determined and presented in Figure 2. A detailed overview of the annotation of 
the H1 locus is shown in Table S2. 
 
Discussion 
Here we describe the construction of physical maps of the H1 locus on chromosome V in the 
diploid S. tuberosum clone SH83-92-488 and the corresponding genomic region in the two 
haplotypes of the diploid susceptible potato clone RH89-039-16. The H1 locus was 
introgressed from the subspecies S. tuberosum ssp. andigena because it confers durable 
resistance to specific pathotypes of the potato cyst nematode Globodera rostochiensis. 
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Although the H1 resistance gene has not been identified yet, comparing the resistant 
haplotype sequence with the two susceptible haplotypes at the H1 locus provides crucial 
insights that may help us to home in on the gene. The sequence information obtained in this 
study can also be used to develop specific markers and a candidate gene approach for the 
identification of the GroVI gene, which is another single dominant resistance gene against G. 
rostochiensis that has been mapped in a syntenic region on chromosome V at an introgression 
segment from Solanum vernei (Jacobs et al., 1996). 
 
The sequences of the three haplotypes indeed revealed a number of remarkable features of 
this locus in S. tuberosum. First of all, each haplotype harbours a large cluster of resistance 
gene homologs from the CC-NB-LRR resistance gene class with significant sequence 
similarity to the late blight resistance gene Rpi-blb2 identified at chromosome VI of potato 
(Van der Vossen et al., 2005). Surprisingly, only three RGHs on the resistant haplotype (SH0) 
have identical genes on one of the susceptible haplotypes (RH0), while no matching 
sequences were found on the second susceptible haplotype (RH1). One could argue that 
positive selection in the RGHs at the H1 locus has been so extensive at this locus that 
accelerated evolution yielded highly diverse RGHs. However, also outside the coding regions 
no similarity was observed causing an overall lack of synteny between the different 
haplotypes in a major part of the R gene cluster. In fact, only 92 Kb of 341 Kb of the resistant 
haplotype is co-linear with the susceptible haplotype (with 100 % identity in RH0), while 
another segment of only 102 Kb out of 700 Kb in RH0 is co-linear with RH1 (with 95% 
identity).     
 
The physical maps were constructed by using the two AFLP markers CM1 and EM1. On the 
genetic map CM1 was at 0 cM distance from the H1 resistance, while EM1 was positioned at 
0.25 cM distance. The region between these two markers in the physical maps spans more 
than 65 Kb. A remarkable difference in the recombination rate was observed between two 
sub-regions of the physical map of the resistant haplotype SH0. In the centromeric part of the 
SH map a 65 Kb equals to 0.25 cM genetic distance, whereas no recombination was observed 
in the northern region of the map resulting in a complete linkage of a more than 170 Kb 
genomic fragment with the resistance trait. Such a considerable disparity between the genetic 
and physical distances pointing at a strong repression of recombination was found previously 
in the maps of the I-3 resistance locus in tomato (Lim et al., 2008), the R1 locus in potato 
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(Kuang et al., 2005) and the Mla locus in barley (Wei et al., 1999). For the Mi-1 locus, which 
was introgressed into L. esculentum from its wild relative L. peruvianum, an even more severe 
suppression of recombination could be observed resulting in the complete linkage of a 550 Kb 
region to resistance. This repression of recombination is thought to be the consequence of the 
exogenous origin of the DNA segment, resulting in hemizygosity between haplotypes. A 
similar phenomenon was also observed for other R genes introgressed from wild species in 
various crosses (Ganal and Tanksley, 1996). In case of Mi-1, the proximity to the centromere 
may also contribute to the repression of recombination in tomato (Kaloshian et al., 1998). 
Hence, the suppression of recombination that we observed north of the H1 locus in resistant 
plants is likely caused by the sequence divergence between the S. tuberosum ssp. andigena 
introgression segment and S. tuberosum ssp. tuberosum background. It is therefore 
hypothesized that the structural differences between the homologous chromosomes could 
interfere with chromosome pairing and crossing-over during meiosis (Ballvora et al., 2007).  
 
After aligning the sequences of the three physical maps, complete loss of co-linearity was 
found in a region of 250 Kb between the SH0 haplotype and the two RH haplotypes. A 
significant homology in this part of the map is observed only between two fragments carrying 
RGHs sequences, but the position of these fragments is not syntenic when both maps are 
aligned and their flanking sequence differ substantially. As this region is flanked by a region 
almost identical between the SH0 and RH0 haplotype, and harbours four RGH-like 
sequences, it would be interesting to see if sequence co-linearity continues further on the 
centromeric side of the H1 locus. The finding of two other co-linear BACs from SH and RH 
that have been preliminary mapped centromeric to the H1 cluster (data not shown) as well as 
the identification within the RH0 sequence both ends of the BAC SH239E4, from which 
marker 239E4left was generated and mapped at a distance of 2.1 cM from H1 resistance, 
suggest that this indeed may be the case. A lack of co-linearity was observed also for a major 
part between the two susceptible haplotypes, reflecting possible differences in the genetic 
background of RH89-039-16 in this region likely related to presence of genetic material 
derived from S. phureja (Ramanna, 1983).  Beyond this part, in the region on the telomeric 
side, it was not possible to further distinguish between the RH0 and RH1 haplotypes. 
Apparently, the two haplotypes are very homozygous in this region resulting in a single BAC 
contig when constructing the physical map. Such large differences in synteny between 
haplotypes are comparable to that observed for the R1 cluster in S. demissum (Kuang et al., 
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2005) and S. tuberosum (Ballvora et al., 2002). High sequence divergence was also found 
between the resistant and susceptible haplotype of SH83-92-488 at the Rx1/Gpa2 locus in 
potato, as these two haplotypes could only be aligned using SSR markers (Butterbach, 2007). 
In heterozygous, outbreeding species as potato such a high divergence between haplotypes 
potentially generates a high diversity of immune receptors, which is advantageous in 
responding to quickly changing pathogen populations (Hughes and Yeager, 1998). In general, 
the high level of natural intraspecific polymorphisms between haplotypes can often be 
correlated with complex R gene clusters and provides evidence for strong evolutionary forces 
shaping these parts of the plant genome.  
 
Transposable elements (TEs) in general are thought to have a major impact on the 
differentiation of plant species at the level of genome structure (Bennetzen, 2005). In various 
plant species, including potato, tomato, wheat, Poncirus, Arabidopsis, wheat, barley and 
soybean, R gene clusters like the H1 locus were found to co-localize with repetitive sequences 
and TEs (Panstruga et al., 1998; Noel et al., 1999; Wicker et al., 2001; Wei et al., 2002; Yang 
et al., 2003; Kuang et al., 2005; Ballvora et al., 2007; Seah et al., 2007; Gao and 
Bhattacharyya, 2008). An extreme example is the Mla region in barley, where all major 
classes of TEs are represented forming two large nested complexes, flanking two RGHs 
sequences, likely contributing to repression of recombination in this region (Wei et al., 2002). 
Presence of similar copies of TEs in one R gene cluster enable unequal crossing-over causing 
expansion or contraction of the locus (Wicker et al., 2007), while on the other hand the TEs 
diversity in the same region may prevent unequal crossing-overs (Song et al., 1997; Kuang et 
al., 2005). As a result of similar TEs copies on different genome locations, sequence 
exchange can also occur between otherwise non-homologous regions (Meyers et al., 2003). 
Like shown for the Bs2 locus in pepper (Mazourek et al., 2009), we observed erosion and 
truncation of TE related sequences in the H1 region. This can be explained by multiple 
insertions followed by sequence drift. More detailed sequence analysis should be performed 
in the future in order to assess the variety of TEs in the H1 cluster and to explain their 
influence on the evolutionary history of this R gene locus. 
 
Apart from TEs and RGHs, resistance gene clusters often harbour not many other functional 
genes. For example, in soybean at the Rps1-k locus only a few full-length genes were 
predicted within a distance of 118 Kb, including two R genes and four retrotransposons (Gao 
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and Bhattacharyya, 2008). Some of the non-R genes present in R gene clusters may have 
functions related to plant defense such as is reported for the Mla locus in barley (Wei et al., 
2002), the Mi-1 locus in tomato (Seah et al., 2007) and the R1 and Rx1/Gpa2 loci in potato 
(Ballvora et al., 2007; Butterbach, 2008). At the H1 locus, the RGH regions in all three 
haplotypes are interspersed by several copies of genes coding for extensin-like proteins. 
Although the expression of a potato extensin-like gene is induced by wounding and Erwinia 
carotovora infection of potato tubers (Rumeau et al., 1990), its possible role in plant defense 
remains to be shown (Dey et al., 1997). Recently, microarray studies have shown that 
extensins are also up-regulated during cyst-nematode infections (Puthoff et al., 2003; Khan et 
al., 2004; Ithal et al., 2007a). They may function in strengthening of the cell wall as an early 
plant defense response as well as in strengthening the syncytium wall in favour of nematodes 
(Khan et al., 2004). The presence of multiple copies of extensin-like genes at the H1 locus 
may point at a role for these genes in defense responses against potato cyst nematodes. 
Another plausible explanation for the occurrence of similar gene copies distributed 
throughout the three RGH clusters in SH and RH is that they derive from a common ancestor 
after tandem duplication together with the flanking RGH and subsequent genetic erosion.  
 
At the H1 locus we found, besides full-length RGHs, ORFs coding for short fragments of 
resistance gene homologs. The occurrence of such duplicated partial R gene fragments 
inserted upstream or downstream of R genes has been reported previously (Mazourek et al., 
2009). Although their postulated role in controlling R gene expression has not been proven 
yet, it opens a new field for speculations and functional studies. One possibility is that the 
translation of such small R gene paralogs could have a role in the regulation of R gene 
function through the forming of heteroduplexes (Huang et al., 2005b), as it was shown that 
the intermolecular and intramolecular interactions between R protein domains might function 
as activation switches upon recognition of the cognate elicitors (Moffett et al., 2002). The 
need for additional protein components in the formation of functional R gene complexes 
could be an explanation for the phenomena that R genes lose their full effectiveness upon 
introduction in another genetic background (Jacquet et al., 2005). An alternative explanation 
for the presence of so many R gene fragment and truncated homologs at the H1 cluster is that 
they are the result of frequent rearrangements occurring at this locus and constitute a reservoir 
of variation for the generation of new resistance specificities (Michelmore and Meyers, 1998). 
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In this paper, we describe the integration of the physical and genetic map of the H1 locus, 
which shows that four R gene homologs in SH0 with sequence similarity to the CC-NBS-
LRR genes Mi-1 (Milligan et al., 1998; Vos et al., 1998) from tomato and Rpi-blb2 from 
potato (Van der Vossen et al., 2005) are linked to nematode resistance. Therefore, they are 
considered to be good candidate genes for the potato cyst nematode resistance gene H1. The 
low level of recombination together with the highly repetitive nature of R gene loci (Hulbert 
et al., 2001) is a major obstacle in the positional cloning of R genes (Huang et al., 2005b). 
Moreover, the heterozygosity of the potato genome adds to the difficulties associated with 
this approach (Kanyuka et al., 1999). Hence, it is crucial to support the positional cloning of R 
genes with alternative strategies including the candidate gene approach and comparative 
genomics ((Huang et al., 2005b); this paper). Soon, the complete potato genome sequence 
will be available, which can boost the identification of genes underlying important resistance 
traits in the future. 
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Abstract 
 
Although it is generally thought that sedentary plant-parasitic nematodes protect their 
complex feeding structures in host plants against attacks by the host’s innate immune 
system, little is known of immune suppression by nematodes in plants. Here we report 
the identification and characterization of a family of effectors in the potato cyst 
nematode G. rostochiensis suppressing plant innate immune responses. These nematode 
suppressors of immunity, named NSI-1, are expressed in the dorsal esophageal gland of 
the nematodes during feeding on host cells. Knocking-down NSI-1 transcription in 
infective juveniles by RNA interference strongly reduced the ability of virulent 
nematode line to parasitize resistant potato plants. Transgenic potato plants 
overexpressing some of the variants of the NSI-1 effector family showed an enhanced 
susceptibility to nematodes, while other NSI-1 variants increased the susceptibility of 
potato to the fungus Verticillium dahliae. The expression of immunity-related 
transcription factors in the NSI-1 overexpressing plants suggests that the enhanced 
susceptibility to pathogens involves the down-regulation of the homologs of Arabidopsis 
thaliana transcription factors StWRKY22 and StWRKY53. Transient expression of NSI-1 
variants in an agroinfiltration assay together with several pairs of plant resistance genes 
and matching pathogen elicitors (i.e. Gpa-2/RBP-1, R3a/Avr3a, and Rpi-blb2/AvrBlb2) 
showed that some NSI-1 family members are able to suppress the hypersensitive 
response that is the typical outcome of effector-triggered immunity in plants. Further 
testing of autoactive mutants of two resistance proteins and an autoactive mutant of the 
immune signaling protein NRC1 suggests that immune suppression by NSI-1 family 
members is not dependent on the recognition of effectors by resistance proteins, but 
more likely occurs downstream of these receptor molecules. Altogether, our findings 
demonstrate that potato cyst nematodes use suppressors of plant innate immunity to 
secure a steady flow of nutrients from their feeding structures.          
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Introduction 
Parasitic nematodes of animals are renowned for mastering the delicate balance of exploiting 
the host while holding the host’s immune system at bay (Maizels et al., 2009). Modulation of 
the host’s innate and adaptive immune system allows these parasites to live inside a single 
individual for several years. The sedentary plant-parasitic nematodes, such as the potato cyst 
nematode Globodera rostochiensis, are expected to have similar abilities, but then for several 
weeks and inside host plants.  
G. rostochiensis is a soil-dweller whose survival depends entirely on the successful 
transformation of host cells into a feeding structure inside the roots of Solanaceous plants. At 
the start of the infection cycle, second stage infective juveniles of G. rostochiensis hatch from 
eggs in the soil. With the help of a protrusible stylet and a large repertoire of plant cell wall-
degrading enzymes, they invade the roots of a host plant. After burrowing some distance 
through the root cortex, the infective juveniles select a host cell to transform into an initial 
syncytial cell (Gheysen and Mitchum, 2009). During this transformation host cells re-enter 
the mitotic cell cycle to undergo repeated cycles of endoreduplication and massive 
transcriptional reprogramming. The initial syncytial cell expands further into a large 
multicellular complex by local cell wall dissolution and subsequent fusion of neighboring 
protoplasts (Sobczak and Golinowski, 2009). The transformation of host cells into a feeding 
structure coincides with loss of somatic muscles in the nematode, such that it can no longer 
move about. For its survival and reproduction, the immobilized nematode thus relies 
completely on the plant assimilates provided by the feeding structure. It is believed that 
effectors produced in the nematode’s esophageal glands are instrumental in the initiation and 
maintenance of the feeding structure, including its protection against attacks by the plant’s 
innate immune system. Despite the recent identification of a large set of effectors in various 
cyst nematode species, it is not known how these parasites modulate plant innate immunity to 
secure their food supply (Williamson and Gleason, 2003; Davis et al., 2008; Jones, 2009; 
Bellafiore and Briggs, 2010). 
 Plants defend themselves against attacks by pathogens and parasites with a 
multilayered innate immune system (Jones and Dangl, 2006). The first line of active defense 
in plants relies on the detection of highly conserved epitopes that are often located at the 
exterior of plant pathogens (i.e. pathogen-associated molecular patterns or PAMPs). 
Perception of PAMPs by extracellular pattern recognition receptors sets off a plethora of 
signaling events and defense responses, including calcium influx, activation of mitogen-
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activated-protein-kinase cascades, generation of reactive oxygen species, increased levels of 
ethylene and salicylic acid, activation of WRKY transcription factors, expression of defense-
related genes, and local depositions of callose (Asai et al., 2002; Ausubel, 2005; Boller and 
He, 2009). PAMP-triggered immunity provides basal levels of resistance against all 
pathogens carrying the appropriate, and often highly conserved, PAMP (Boller and He, 
2009). Certain strains of plant pathogens secrete proteins to suppress PAMP-triggered 
immunity in order to regain their virulence. However, in turn, plants have evolved immune 
receptors recognizing these effectors and effector recognition in these plants activates the 
second line of defense that results in effector-triggered immunity. The plant immune receptors 
detecting PAMPs and effectors use the same signaling pathways, but they use them 
differently and with different outcomes (Tsuda and Katagiri, 2010). Effector-triggered 
immunity, but not PAMP-triggered immunity, often leads to a hypersensitive response, 
characterized by local programmed cell death in the infection site (Ausubel, 2005; Jones and 
Dangl, 2006).  
 Nematode PAMPs have not been identified to date and the importance of PAMP-
triggered immunity against sedentary parasitic nematodes is not well understood. During the 
migratory stage of the infection the invading nematodes may simply be able to outpace the 
immune system of the plant. However, in the initial stages of host cell transformation the 
nematodes may be vulnerable to PAMP-triggered immunity. The enhanced susceptibility to 
the root-knot nematode (Meloidogyne incognita) recently observed following virus-induced 
gene silencing of WRKY72 in tomato and in WRKY72 T-DNA knock-out mutants of 
Arabidopsis thaliana suggest that basal immunity indeed plays a role in protection against 
nematodes (Bhattarai et al., 2010). Effector-triggered immune responses to sedentary plant-
parasitic nematodes primarily aim to eliminate the feeding structure (Williamson and Kumar, 
2006; Tomczak et al., 2009). For example, the detection of certain strains of G. rostochiensis 
by the potato H1 resistance protein elicits a hypersensitive response in the host cells directly 
outside the feeding structure, such that it becomes isolated from adjacent cells and the 
movement of nutrients to the syncytium is prevented (Rice et al., 1985). At present, the only 
known nematode effector eliciting a resistance gene dependent hypersensitive response is 
RBP-1 from the Globodera pallida, which is recognized by the potato resistance protein Gpa2 
(Sacco et al., 2009). Like most other currently known nematode resistance genes, Gpa2-
dependent resistance involves a hypersensitive response in and around the feeding structure of 
the nematodes.      
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Many plant-pathogenic bacteria, fungi, and oomycetes have evolved effectors to 
suppress PAMP- and effector-triggered immunity (Chisholm et al., 2006; Houterman et al., 
2008; de Jonge et al., 2010; Bos et al., 2006; Dou et al., 2008; Kelley et al., 2010). Given the 
scope of the modifications to plant cells brought about by potato cyst nematodes, it is likely 
that these parasites also employ suppressors of plant innate immunity to protect their 
elaborate feeding structures. In this chapter, we describe the identification of an effector gene 
family in G. rostochiensis whose members suppress immune responses in plants. The genetic 
variation in this effector gene family, which was named Nematode Suppressors of Immunity 
(NSI-1), is linked to nematode virulence on potato plants harboring the H1 resistance gene. 
Silencing by RNA interference of NSI-1 in nematodes and overexpression of NSI-1 in potato 
plants showed that the gene family is important for parasitism of the nematodes. Because the 
transgenic potato lines overexpressing some of the different variants of NSI-1 were 
hypersusceptible to the fungus V. daliae, we conclude that at least some of the NSI-1 family 
members suppress basal plant defenses. However, agroinfiltration assays in leaves of 
Nicotiana benthamiana revealed that NSI-1 variants also suppress the hypersensitive response 
that is typically associated with effector-triggered immunity. 
 
Materials and Methods  
 
Nematodes 
Pre-parasitic second stage juveniles (pre-J2) were isolated from desiccated cysts of G. 
rostochiensis pathotype line Ro1/19 and line Ro5/22 (Janssen et al., 1990) by soaking the 
cysts on a 100 μm sieve for 6 days in water and for 3 days in potato root diffusate (De Boer et 
al., 1992). The suspension of freshly-hatched pre-parasitic J2s was cleaned on a sucrose 
gradient by centrifugation and washed 3 times with sterile tap water. Parasitic second-, third-, 
and fourth-stage juveniles, adult males and adult females were extracted from roots of 
susceptible potato cultivar Bintje at 13, 19, 23, 27, and 34 days post inoculation respectively. 
After washing the roots to remove soil debris, the roots were cut into pieces in a blender to 
liberate the nematodes. Next, the nematodes were separated from root debris on a series of 
sieves with decreasing mesh sizes (i.e. 250, 175, 100, 22 and 10 μm). The nematode 
suspension retrieved after sieving was cleaned on a sucrose gradient by centrifugation, 
collected in water, and washed 3 times with sterile tap water.  
 
cDNA-library construction, sequencing and EST data analysis in silico 
Germinating tubers of potato cultivar Eigenheimer were inoculated in the greenhouse with 
cysts of G. rostochiensis line Ro1/19. Early parasitic J2s were collected 11 days after 
inoculation as described above. Juveniles were cleaned over a sucrose gradient, washed 
several times with RNAse-free water, collected in sterile low adhesion tubes (BIOzym, 
Landgraaf, The Netherlands) and stored at -80 °C until further use. To isolate RNA, the 
nematodes were mixed with TRIzol reagent (Gibco BRL, Life Technologies), frozen in liquid 
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nitrogen, and homogenized using a motor-driven pestle (Heidolph Instruments, Schwabach, 
Germany). Total RNA was isolated following the TRIzol protocol (Gibco BRL, Life 
Technologies) and dissolved in water. The quality of the RNA was checked by agarose gel 
electrophoresis. Purification of mRNA from total RNA was performed using Dynabeads® 
mRNA Purification Kit (Dynal Biotech ASA, Oslo, Norway). Messenger RNA was converted 
into cDNA following the long-distance (LD) PCR protocol of the Creator™ SMART™ 
cDNA Library Construction kit (Clontech, Palo Alto, CA, USA). Twenty-two cycles were run 
to amplify the cDNA by LD PCR using primers, including SfiI restriction sites. Following SfiI 
digestion and size fractionation, the cDNA was directionally ligated to the pDNR-LIB vector 
and used to transform electrocompetent TOP10 E. coli (Invitrogen, Breda, The Netherlands). 
The library was amplified according to Creator™ SMART™ cDNA Library Construction kit 
protocol, aliquoted and stored in -80 C. Clones were randomly selected from the library and 
sequenced as described previously (McCarter et al., 2003).  
The contigs were generated from high quality EST sequences with use of 
ContigExpress (Informax, Inc.; Lu and Moriyama, 2004) with a minimum overlap threshold 
set to 100 bp with 100% identity. Contig consensus sequences were used as input for the SPIT 
algorithm (Vanholme et al., 2006). Polypeptide sequences generated in six different reading 
frames, of which the longest (with a minimum of 50 residues) and preferentially starting with 
a methionine, was retained in an output file. These sequences were fed into SignalP 3.0 
(http://www.cbs.dtu.dk/services/SignalP/; (Emanuelsson et al., 2007)) to predict the presence 
and cleavage site of signal peptides. A signal peptide was considered to be present when a 
sequence scored above the cut-off value of 0.95 for both NN and HMM. Sequences with a 
predicted signal peptide for secretion were further screened to exclude proteins with predicted 
transmembrane regions (http://www.cbs.dtu.dk/services/TMHMM/; (Krogh et al., 2001); 
http://phobius.sbc.su.se; (Kall et al., 2007)). Basic local alignment search tool (BLAST) 
analyses were performed on the non-redundant and the expressed sequence databases at the 
NCBI (Altschul et al., 1990). 
 
Plant transformation 
The susceptible diploid potato S. tuberosum line V (genotype 6487-9; (Schouten et al., 1997)) 
was used to generate transgenic potato plants overexpressing NSI-1 effector variants. Potato 
stem pieces 0.5-1 cm in size were cut from in vitro grown plants and incubated for 1 day on 
plates containing R3B medium (MS30 medium, 8 g/L plant agar, 2 mg/L NAA and 1 mg/L 
BAP; pH 5.8)) overlaid with paper filters soaked in PACM medium (MS30 medium, 2 g/L 
casein hydrolysate, 1 mg/L 2,4-D and 0.5 mg/L kinetin; pH 6.5) in darkness at 24 °C. Next, 
the stem pieces were incubated for 10 minutes with suspension of Agrobacterium tumefaciens 
strain AGL1 (Lazo et al., 1991), carrying the genes of interest cloned in the Gateway vectors 
pK2GW7, pK7WGF2, and pK7FWG2 (Karimi et al., 2002). The explants were incubated on 
R3B medium in the light for two days at 24 °C and then transferred to ZCVK medium (MS20 
medium, 8 g/L plant agar, 1 mg/L zeatin, 100 mg/L kanamycin, 200 mg/L cefotaxim, 200 
mg/L vancomycin; pH 5.8) for 14 days (same conditions). When appearing, the clear-green 
callus was dissected from explants and transferred to ZCVK medium for 14 days until the 
formation of shoots. The nascent shoots were cut off and transferred to MS20 medium 
supplemented with 100 μg/ml kanamycin for roots regeneration.   
 
Isolation of RNA and genomic DNA  
Total RNA was extracted from all developmental stages of G. rostochiensis with TRIzol 
(Invitrogen) according to the manufacturer’s protocol. Total RNA was treated with Turbo 
DNA-free Kit (Ambion, Austin, TX, U.S.A.) to degrade contaminating genomic DNA. 
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Messenger RNA was subsequently isolated from total RNA samples using the Dynabeads® 
mRNA Purification Kit according to the manufacturer’s protocol (Dynal Biotech ASA, Oslo, 
Norway). To isolate genomic DNA from nematodes 100 μl of nematode pellet was mixed 
with 500 μl lysis buffer containing 100 mM NaCl, 100 mM Tris-Cl (pH 8.0), 50 mM EDTA 
(pH 8.0), 1% (w/v) SDS, 1% (v/v) β-mercaptoethanol and 400 μg/ml proteinase K. Lysis was 
carried in a thermomixer (Eppendorf, Hamburg, Germany) at 65 °C and 750 rpm for 30 
minutes. Nematode DNA was further purified with phenol-chloroform extraction, followed 
by two chloroform extractions, and ethanol precipitation (Sambrook et al., 1989).  
 Total RNA was purified from plant material with the RNeasy Plant Mini Kit (Qiagen, 
Hilden, Germany). Genomic DNA was extracted from a plant leaves or stems by grinding 
tissues in liquid nitrogen and purifying DNA with the DNeasy Plant Mini Kit (Qiagen, 
Hilden, Germany). 
 
Detection of polymorphisms in nematode secreted proteins linked to virulence 
To detect DNA polymorphisms linked to nematode virulence primer pairs were developed 
flanking the predicted open reading frames of 65 secreted nematode proteins. Three of the 
primers pairs showed polymorphisms when used to PCR amplify fragments from template 
DNA isolated from G. rostochiensis line Ro1/19 and line Ro5/22 (i.e 1106F1/R1, 448F/R, 
and 66d03F/R; Table 1 A). The PCR was run using the following cycling conditions: 1 min at 
95 °C, followed by 40 cycles of 30 s at 95 °C, 30 s at 50 °C, and 2 min at 72 °C, and 10 min 
at 72 °C. The PCR amplified fragments derived from both lines were resolved side by side on 
1% agarose gel.  
 
Table 1. Oligonucleotides used for PCR  
Name Sequence (5’-3’) 
A. Detection of polymorphisms in nematode secreted proteins 
1106F1 CCAAAATGCGCGTCATTCTC 
1106R1 ATTTTGGCTTGTCCTGGTCC 
448F GGCTTCTTCTTCTTTTGCACTGCTCG 
448R TGCCTGGACGGGCAATCACA 
66d03F ATGCGCTCTTCCGTTTTGATC 
66d03R TCAGCCACAGCATCCGTAACA 
B. In situ hybridization 
1106F4 ATGCGCGTCATTCTCTTCCTC 
1106R4 CATCCTTTTTAGGCTTGGAGTCCT 
C. Gr1106 expression in nematodes 
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1106F2 AAGCTAAAAGCGTCGTAAAAGCC 
1106R2 GTTGTCTTCATCGAATTCATTGTCC 
1106F3 AAGCTAAAAGCGTCGTAAAAGCC 
1106R3 GTCATCGTTAAGCGGGTCCTC 
cAMPF ATCAGCCCATTCAAATCTACG 
cAMPR  TTCTTCAGCAAGTCCTTCAAC 
D. Expression of WRKY22, WRKY33, and WRKY53 in potato 
StWRKY22F ACAAGTGGAGCGGAATAGA 
StWRKY22R TCTGTGAGTAGGCATTGGA 
StWRKY33F CCACCAAGAAGAAGGTTGA 
StWRKY33R CAGATGAAGCTGTGGATGA 
StWRKY53F CTGCACCACAACCAACATC 
StWRKY53R GGTCATTCTCGTCCAAGTC 
StActinF GCTTCCCGATGGTCAAGTCA 
StActinR GGATTCCAGCTGCTTCCATTC 
E. Fungal biomass 
ITS1-F AAAGTTTTAATGGTTCGCTAAGA 
ST-VE1-R CTTGGTCATTTAGAGGAAGTAA 
F. RNA interference 
T7_1106sF TAATACGACTCACTATAGGGATGCGCGTCATTCTCTTCCTC 
SmaI_1106sR CCCGGGGCCAAATCGTTGTCTTCATCGAA 
SmaI_1106asF CCCGGGATGCGCGTCATTCTCTTCCTC 
T7_1106asR TAATACGACTCACTATAGGGGCCAAATCGTTGTCTTCATCGAA 
 
Reverse transcription PCR  
The mRNA isolated from plants and nematodes was reverse transcribed into cDNA using 
Superscript III and oligo-dT primers (Invitrogen). To analyze the expression of Gr1106 in 
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successive nematode stages a 141 bp fragment was PCR amplified with a primers 1106F2 and 
1106R2 (Table 1 C). A 91-bp fragment of the constitutively expressed gene cAMP-dependent 
protein kinase (Gr-cAMP; GenBank accession number BM343563) was amplified using 
primers cAMPF and cAMPR from the same samples as a control. Semi-quantitative PCR was 
conducted using conditions as follows: 1 min at 94 °C, followed by 30 cycles of 30 s at 94 °C, 
30 s at 63 °C, 30 s at 72 C. To check the effect of the knock-down of Gr1106 by RNA 
interference in pre-J2s, a 281 bp fragment of Gr1106 was PCR amplified with the primers 
1106F3 and 1106R3. Quantitative PCR was conducted using Absolute QPCR SYBR Green 
Mix (Thermo Fischer Scientific Inc) with amplification conditions as follows: 15 min at 95 
°C, followed by 26 cycles of 30 s at 95 °C, 30 s at 63 °C and 1 min at 72 °C.  
  
A search for the closest homologs of the A. thaliana WRKY transcription factors WRKY22, 
WRKY33 and WRKY53 in the potato genome sequence yielded three matching sequences, 
named StWRKY22 (TIGR accession number TA27377_4113), StWRKY33 (GenBank 
accession number AB192884), StWRKY53 (SGN Unigene accession number U295039). 
Based on the sequences of these accessions primers were designed to analyze the expression 
of WRKY22, WRKY33, and WRKY53 in potato (Table 1 D), amplifying products of 85, 123 
and 114 bp respectively. Primers specific for the constitutively expressed actin were used as a 
control to amplify 101 bp fragment (Table 1 D). Quantitative PCR amplification was 
performed using MyIQ™ Real-Time PCR Detection System (Bio-Rad Laboratories) and 
Absolute QPCR SYBR Green Mix (Thermo Fischer Scientific Inc) with amplification 
conditions as follows:  15 min at 95 °C, followed by 35 cycles of 30 s at 95 °C, 30 s at 63 °C 
and 30 s at 72 °C. Melting curve analysis and electrophoresis were applied to assess the 
specificity of the amplification. Data expressed as a function of threshold cycle (Ct) were 
recorded by MyiQ Optical System Software version 2.0 (Bio- Rad). The gene-specific fold 
changes were calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001). 
 
In situ hybridization 
Sense and anti-sense probes were amplified from the Gr1106 cDNA using primers 1106F4 
and 1106R4 (Table 1 B). The probes were obtained by linear amplification and labeled using 
digoxigenin-dUTP in a transcription reaction (Roche Diagnostic, Mannheim, Germany). 
Whole mount in situ hybridization was performed as described previously (De Boer et al., 
1998). Pre-parasitic J2s were fixed overnight in 2% (w/v) paraformaldehyde at 4 °C, followed 
by 4 hours incubation at room temperature and cut into two to five pieces. Overnight 
hybridization with sense and antisense probes was done at 50 °C. After the digestion with 
RNAse A and stringency washes the hybridized DNA-probes were detected using an anti-
digoxigenin antibody and alkaline phosphatase staining (Genius Kit, Boehringen Mannheim). 
Stained J2s were examined using differential interference contrast microscopy.    
 
Detection of diversifying selection with PAML 
In order to isolate different variants of Gr1106, Gr448, and Gr66d03, total RNA was isolated 
from three stages (pre-J2, J3, and J4) of the population Ro1-Mierenbos and used for cDNA 
synthesis with oligo-dT priming. Primers flanking the open reading frames ORF of the three 
genes (Table 1 A) were used to amplify PCR products from the cDNA template of three 
nematode stages. Next, the PCR amplified fragments were cloned into pCR2.1-TOPO 
(Invitrogen) for sequencing.  In total, 95 colonies for each of the three PCR products were 
randomly picked and sequenced. The amino acid alignments of effector variants discovered 
were analyzed in CODEML (implemented in PAML v.4 package) to test for evidence of 
diversifying (or positive) selection (Yang, 2007), while using model M0 versus M3 and M7 
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versus M8. Bayes Empirical Bayes statistics was further used to calculate positively selected 
sites with posterior probability higher than 0.95 (Yang et al., 2005). The initial alignments 
were generated in ClustalX (v1.83) (Chenna et al., 2003) and PAL2NAL (v.11) (Suyama et 
al., 2006). 
 
Infection assay with Verticillium dahliae and nematodes 
For the fungal infection assay, V. dahliae isolate JR2 (Fradin et al., 2009) was grown on 4% 
potato dextrose media (Duchefa) at 28 °C for 2 weeks. The spores were scraped from agar 
plates with a glass spatula and transferred into 50 ml of sterile de-ionized water, followed by 
centrifugation at 4000 rpm at room temperature. The pellet was re-suspended in de-ionized 
water to prepare spore suspension to a concentration of 1 x 106 spores/ml. The roots of three-
weeks old in vitro grown transgenic potato plants were soaked in spore suspension for five 
minutes and transferred to pots in a greenhouse. The symptoms were scored at 4 weeks post 
inoculation. To determine the fungal biomass in infected plants, stem pieces were cut from 
the potato plants just above the ground and flash frozen in liquid nitrogen. Total DNA was 
extracted from grinded plant tissue using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). 
A 200 bp fragment of the ITS gene of V. dahliae was amplified using primers ITS1-F (Gardes 
and Bruns, 1993) and ST-VE1 (Lievens et al., 2006) (Table 1 E) from DNA samples using 
FirePol polymerase (Solis BioDyne, Estonia). The following conditions were used for PCR: 1 
min at 95 °C, followed by 40 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C, ended 
with 10 min at 72 °C. Fragments were resolved on 1 % agarose gel. As an internal control 
potato actin was amplified from the same templates using primers StActinF and StActinR 
(Table 1 D).  
To assess the susceptibility of the transgenic potato lines, plants were grown from explants on 
B5 medium (3.29 g/L Gamborg B5, 20 g/L sucrose, 15 g/L bacto agar, pH 6.2) for 3 weeks at 
21 °C. Freshly hatched pre-J2s were surface sterilized by incubation for 20 min in 0.5 % 
(w/v) streptomycin/penicillin solution, for 20 min in 0.1 % (w/v) ampicillin/gentamycin 
solution, for 5 min in sterile tap water and for 3 min in 0.1 % (w/v) chlorhexidine solution. 
The nematodes were washed three times in sterile tap water and suspended in sterile 0.7 % 
solution of Gelrite prior to inoculation. Between 150 and 200 pre-J2s were applied per plate 
containing one potato plant. Adult females per plate were counted six to eight weeks after 
inoculation. For every construct at least two independent transformant lines were tested and 
for each combination ten biological replicates were used. 
 
Gene knock-down by RNA interference  
The expression of Gr1106 was knocked-down by soaking pre-J2s in double stranded RNA 
(Chen et al., 2005). The 5’ cDNA region of Gr1106 was selected for designing specific PCR 
primers. The primer pair T7_1106sF/SmaI_1106sR was used to generate sense stranded 
RNA, whereas the primers SmaI_1106asF and T7_1106asR (Table 1 F) were used to generate 
antisense stranded RNA. 
The PCR products were cloned in pCR2.1-TOPO (Invitrogen) and sequenced. Next, plasmids 
were digested with SmaI restriction enzyme. Linearized plasmids were used as the templates 
for in vitro transcription reactions using a Megascript RNAi kit (Ambion, Austin, TX, 
U.S.A.). The single stranded RNAs generated from each of the two strands were then 
annealed by heating to 75 °C for 5 minutes and cooling down to room temperature. The 
dsRNA was treated with DNAse to remove the template DNA, purified and precipitated in 
ethanol. The double stranded RNA was resuspended in water and quantified by 
spectrophotometry. In total, 15,000 pre-J2s of G. rostochiensis line Ro5/22 (H1 resistance 
breaking line) were soaked in 1/4 * M9 (10.9 mM Na2HPO4, 5.5 mM KH2Po4, 4.6 mM 
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NH4Cl, 2.1 mM NaCl) containing 50 mM octopamine, 3 mM spermidine, 0.05 % gelatin and 
between 2 and 5 mg/ml dsRNA for at least 24 hours in the dark at room temperature on a 
rotator. Control samples were incubated in the same solution but containing dsRNA of 
Nautilus gene from Drosophila melanogaster (Megascript RNAi kit, Ambion, Austin, TX, 
U.S.A.). After soaking the nematodes were washed three times in 1/4 * M9. An aliquot of the 
dsRNA was checked on an agarose gel stained with ethidium bromide to verify if any 
degradation had not occurred during the soaking process. An aliquot of the nematodes was 
removed for bioassays, while the remaining nematodes were frozen in liquid nitrogen and 
stored at –80°C before being used for quantitative PCR. A diploid potato line SH (SH83-92-
488) known to harbor H1 resistance overcome by G. rostochiensis line Ro5/22 was used for 
inoculation with five hundred silenced nematodes per plate, each carrying a single root 
system.  
 
Agrobacterium transient transformation assay 
The A. tumefaciens strain AGL1 (Lazo et al., 1991) was transformed by electroporation with 
Gr1106-effector gene variants subcloned in pK2GW7, pK7WGF2, and pK7FWG2 vectors 
(Karimi et al., 2002). All nematode genes were expressed under the control of the CaMV 35S 
promoter. For agroinfiltration, Agrobacterium strains were grown for approximately 18 h at 
28 °C in induction medium (Van Der Hoorn et al., 2000). The cultures were then prepared for 
infiltration by diluting cultures to the desired OD600 in MMAi medium (Van Der Hoorn et al., 
2000). For the cell death suppression assays, A. tumefaciens strain AGL1 carrying variants 
E3, E4, E7, E9 in pK2GW7 vector, variants N11 and N10 in pK7FWG2, and C4 in 
pK7WGF2 at a final OD600 of 0.3 were infiltrated in N. benthamiana leaves. One day after 
agroinfiltration with Gr1106 gene variants the infiltration sites were infiltrated again with A. 
tumefaciens strains carrying vectors for co-expression of a pathogen effector and a matching 
resistance gene (i.e. Avr3a/R3a, AvrBlb2/Rpi-blb2, RBP-1/Gpa2; (Armstrong et al., 2005; Oh 
et al., 2009; Sacco et al., 2009)). The autoactive inducers of hypersensitive responses Mi1.2 
T557S, NRC1-D481V (Gabriels et al., 2007), and RGH10-H1 (SH0, ORF 39 (Finkers-
Tomczak et al., 2011)) were also tested in a similar set up. Bacterial suspensions were 
infiltrated into the abaxial air spaces of young leaves of 4–6-week-old N. benthamiana using 
syringe. 
 
Results 
 
Identification of members of the secretome linked to virulence 
Previously, we generated two near-isogenic lines of G. rostochiensis that differ in their 
virulence on potato plants carrying the H1 nematode resistance gene (Janssen et al., 1990). To 
identify nematode genes associated with gain and loss of virulence in these lines, we mined a 
cDNA library from early parasitic second-stage juveniles of the avirulent line Ro1/19 (Figure 
1A and B). DNA sequencing the ends of inserts of 4224 randomly selected clones yielded 
5906 high quality sequences. The cDNA sequences clustered into 1262 contigs and 2647 
singletons, of which 3909 encoded 2387 proteins of 50 amino acids or more.  Totally, 65 of 
these cDNA sequences were predicted to encode novel secretory proteins by the SPIT 
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algorithm, developed for automated identification of secreted proteins in nematode transcripts 
(Vanholme et al., 2006; Supplementary Table 1).   
The genomic DNA fragments corresponding to the 65 predicted secreted proteins 
were amplified from both the avirulent line Ro1/19 and the virulent line Ro5/22 to identify 
polymorphisms linked to nematode virulence. Two out of the 65 coding sequences, named 
Gr1106 and Gr448, consistently revealed minor differences in the amplicons on agarose gels 
(Figure 1C and D). The coding sequence of a third predicted secretory protein, referred to as 
Gr66d03, showed a major shift in band size (Figure 1E). Sequencing of the PCR products 
revealed that Gr1106 and Gr448 of the avirulent line Ro1/19 harbor small deletions inside the 
predicted open reading frames. The band size polymorphism in Gr66d03 of the avirulent line 
is caused by a deletion of 221 bp in an intron, which does not lead to differences in the 
transcript.  
The Gr1106 gene family is subject to strong diversifying selection  
Figure 1. Polymorphisms in the 
secretome of two G. rostochiensis
lines differing in virulence on H1
resistant potato plants. (A) H1
resistant potato root infected with 
second stage juveniles of the 
avirulent line Ro1/19 of G. 
rostochiensis. Nematodes are 
stained red with acid fuchsin. The 
arrow indicates the head of the 
nematode attached to its feeding 
site. The dark-brown color close to 
the head marks a hypersensitive 
response in the nematode-induced 
feeding site. (B) Early parasitic 
second stage juveniles extracted 
from potato roots and used to 
generate expressed-sequence tags. 
(C-E) PCR-amplified genomic DNA 
sequences from the avirulent line 
Ro1/19 and the virulent line Ro5/22 
with primers designed on transcripts 
encoding the secreted proteins 
GR1106 (C), GR448 (D), and 
GR66DO3 (E). 
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Diversifying selection can lead to extensive sequence diversity in genes involved in immunity 
in plants and virulence in plant-pathogens (Ma and Guttman, 2008). To investigate whether 
Gr448, Gr1106 and Gr66d03 are subject to diversifying selection, we first sampled the 
genetic diversity of these loci in the natural field population G. rostochiensis Ro1-Mierenbos 
by PCR amplification and cloning of transcripts isolated from different juveniles stages. 
Sequencing of 95 randomly selected clones for each gene revealed 19, 26, and 29 sequence 
variants for Gr448, Gr1106, and Gr66d03 respectively. Only variants that appeared in 
multiple independent PCRs in different batches of cDNA were considered as relevant to the 
analyses. The sequence diversity among the Gr448 variants (i.e. 89-99% identical) and 
Gr1106 variants (i.e. 94-99% identical) mainly involved single nucleotide polymorphisms. 
The variants of Gr66d03 (i.e. 69-99% identical) differed mostly by larger inserts and 
deletions (i.e. 15 - 174 bp).  
Protein and matching cDNA sequence alignments of the Gr448, Gr1106, and 
Gr66d03 variants were each fed into the CODEML algorithm to test whether the proteins 
harbor residues that are under diversifying selection (Yang and Nielsen, 2000). We tested the 
null hypothesis that dN/dS ratios (where dN stands for non-synonymous substitutions and dS 
stands for synonymous substititions) by site are ? distributed between 0 and 1 (M7: neutral in 
CODEML) against the alternative hypothesis that dN/dS ratios by site are ? distributed 
between 0 and 1 plus a proportion of sites with dN/dS ratios higher than 1 (M8: selection in 
CODEML). Accordingly, five amino acid sites in GR1106 were found to be under strong 
diversifying selection with posterior probabilities of 0.95 and higher (Supplementary Table 2; 
Figure 2A). 
Despite having high dN/dS ratios in two amino acid sites in the GR66D03 variants the 
likelihood ratio statistic provided insufficient support for diversifying selection. Extensive 
gaps in the alignment of the GR66D03 variants, caused by the large inserts and deletions in 
the transcripts, may have reduced the power of CODEML. Lastly, the alignment of the 
GR448 variants showed a high level of conservation across the proteins, with all dN/dS ratios 
by site smaller than 1, and no statistical support for diversifying selection. We therefore 
concluded that there is only significant support for diversifying selection in Gr1106, and we 
therefore focused our investigations further on this gene family.  
 
The Gr1106 gene family encodes novel secreted multidomain proteins 
The full-length Gr1106 transcript consists of a 5’-end untranslated region of 54 bp, an open 
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reading frame of 618 bp, and 3’-end untranslated region of 353 bp. The corresponding 
genomic sequence of Gr1106 includes 6 introns (ranging from 41-56 bp in size; 
Supplementary Figure 1). Gr1106 encodes a protein of 206 amino acids with predicted 
protein mass of 21.7 kDa. The predicted protein starts with an amino terminal signal peptide 
for secretion of 23 residues. The distribution of the amino acids across the GR1106 protein 
suggests that it consists of at least two domains (Figure 2B). Forty out of the 102 residues at 
the amino terminus are lysines, whereas 20 out of 50 amino acids at the carboxy terminus of 
GR1106 are acidic residues, interspersed with bulky and hydrophobic residues. In between 
the two putative domains is a linker region rich in proline and serine residues. 
 
Figure 2. Diversifying selection in Gr1106 variants. (A) The Bayes Emperical Bayes posterior probability for 
each amino acid site in Gr1106 that it is under diversifying selection, given that the likelihood ratio test favored 
model M8 (selection) over M7 (neutral) in CODEML with P-value<0.001. The dashed line indicates the threshold 
of 0.95, above which the probability of diversifying selection is considered significant. (B) The global architecture 
of the Gr1106 protein showing the signal peptide for secretion, the lysine-rich domain, a putative linker rich in 
proline and serine residues, and an acidic domain.  
 
Searching the non-redundant DNA sequence databases with Gr1106 only yielded several 
expressed-sequence tags from parasitic juvenile stages of the related potato cyst nematode 
species Globodera pallida (e.g. 92% overall identity in GenBank accession GO250547.1). A 
search with the GR1106 protein only returned weak similarities with members of the putative 
esophageal gland protein family G32E03 from the soybean cyst nematodes Heterodera 
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glycines (Gao et al., 2003). Although this similarity is not high (32 to 41%) the primary protein 
structure of G32E03 seems similar to that of GR1106, including an amino terminal lysine-rich 
domain, a putative linker, and acidic carboxy terminal domain. The function of the G32E03 
gene family in H. glycines is not known, nor does Gr1106 match any other functionally 
annotated gene that could provide clues to its function. 
 
GR1106 is an esophageal gland protein family  
Many of the secreted proteins with roles in virulence are specifically expressed in the 
esophageal glands of plant-parasitic nematodes (Davis et al., 2008). Whole mount in situ 
hybridization on G. rostochiensis juveniles showed that members of Gr1106 gene family are 
also specifically expressed in the esophageal glands (Figure 3A). An anti-sense DNA probe 
designed on a conserved part of the Gr1106 gene family specifically hybridized to transcripts 
in the posterior perinuclear region of dorsal esophageal gland of infective J2. As a control for 
hybridization specificity we used the corresponding sense probe, which did not label the 
dorsal esophageal gland.  
Figure 3. Localization and timing 
of Gr1106 expression in 
nematodes. (A) In situ 
hybridization of an antisense probe 
designed on conserved region of 
Gr1106 gene variants to the 
posterior perinuclear region of the 
dorsal esophageal gland cell in 
infective juveniles of G.   
rostochiensis; dg-dorsal gland, dgn–
dorsal gland nucleus, black arrow 
with a star points the region around 
the dorsal gland nucleus, where the 
hybridization occurs. (B) Reverse-
transcription PCR with primers 
designed on Gr1106 while using 
mRNA isolated from pre-parasitic 
second stage juveniles (J2-pre) and 
five successive parasitic stages 
isolated from potato roots (J2-par, 
J3-par, J4-par, adult females, and 
adult males) as template. A sample 
from non-infected roots and a 
nematode sample without reverse 
transcriptase (-RT) were included as 
negative controls. The cAMP-
dependent protein kinase  (cAMP) 
of G. rostochiensis was used as 
reference for constitutive gene 
expression. 
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Temporal expression patterns of esophageal gland specific genes can provide clues 
about their involvement in either host invasion or establishment and maintenance of the 
nematode-induced feeding structure. To investigate the expression profile of Gr1106, we 
conducted a semi-quantitative reverse transcription PCR on successive parasitic stages of G. 
rostochiensis (Figure 3B). Gr1106 expression was strongly up-regulated in all sedentary 
parasitic stages, while expression was hardly detectable in migratory pre-parasitic juveniles 
and migratory adult males. The expression profile of Gr1106 thus aligns with the timing of 
the initiation of the feeding structure and its maintenance by nematodes. 
 
The Gr1106 gene family is required for full virulence of the nematode 
To investigate the importance of members of the Gr1106 gene family for nematode virulence, 
we knocked-down Gr1106 expression in infective juveniles by RNA interference. Double-
stranded RNA (dsRNA) corresponding to the conserved parts in Gr1106 transcripts was 
synthesized in vitro and force-fed to pre-parasitic second stage juveniles for 24 h. DsRNA-
treated nematodes were subsequently either inoculated on to potato plants (Solanum 
tuberosum) or analyzed for Gr1106 gene expression by reverse transcription PCR. Treatments 
with dsRNA corresponding to the Nautilus gene from Drosophila melanogaster were 
included as controls in all experiments to assess non-specific effects of the procedure on the 
nematodes. Six weeks post inoculation 271 (±38) cysts were recovered from plants inoculated 
with Gr1106 dsRNA-treated nematodes, while 404 (±111) cysts were found on plants 
challenged with nematodes treated with Nautilus dsRNA. The 33 percent reduction observed 
in number of cysts following treatment with Gr1106 dsRNA was statistically significant (P-
value<0.05 in Student’s t-test; Figure 4). Reverse-transcription PCR on nematodes from the 
same batches that were used to challenge potato plants showed a reduction of Gr1106 
expression of 49 % in Gr1106 dsRNA-treated nematodes as compared to Nautilus dsRNA-
treated nematodes. In conclusion, the knock-down of Gr1106 transcripts in nematodes 
preceding the onset of parasitism leads to loss of virulence of the nematodes. 
 
Gr1106 overexpression in potato enhances susceptibility to nematodes and fungi  
To study the effect of GR1106 on host plant susceptibility, we generated in susceptible 
background, transgenic potato plants overexpressing seven individual Gr1106 variants 
without their native signal peptide for secretion and an empty vector control. 
None of the transgenic potato plants showed an anomalous development of shoots or roots. 
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Three independent transgenic lines, selected per construct for high Gr1106 expression, as 
well as lines transformed with the empty vector were challenged with infective juveniles of G. 
 
Figure 4. Gr1106 knock-down by RNAi affects nematode virulence. Mean number of nematodes developed 
into cysts on potato plants inoculated with nematodes either treated with Gr1106 or Nautilus dsRNA at 6 weeks 
post inoculation. The experiment included 10 replicates per treatment, and the difference between the treatments 
was statistically different (Students’s t-test; P-value<0.05). 
 
rostochiensis. Six weeks post inoculation the number of cysts on lines overexpressing four of. 
the Gr1106 variants (i.e. E3, E4, E7, and E9) was on average 45% (± 13%) higher than on 
plants harboring the empty vector control (Figure 5A). The number of cysts produced on 
transgenic potato plants expressing the three remaining Gr1106 variants (C4, N10, and N11) 
was not significantly different from the empty control plants (Figure 5A). We therefore 
conclude that some of the GR1106 family members enhance the susceptibility of potato plants 
to G. rostochiensis. To investigate whether overexpression of Gr1106 variants also affects the 
susceptibility of potato plants to unrelated plant-pathogens, we challenged the transgenic 
potato lines expressing seven variants of Gr1106 with Verticillium dahliae isolate JR2 (race 
1; (Fradin et al., 2009)). Roots of clonally multiplied explants of the Gr1106 expressing 
potato lines as well as two empty vector lines were either inoculated with V. dahliae or mock 
inoculated. Four weeks post inoculation potato lines overexpressing Gr1106 variants C4, N10 
and N11 showed a significantly reduced shoot growth as compared to the empty vector 
control lines (Figure 5B). In potato plants expressing Gr1106 variants E3, E4, E7, and E9 
shoot growth following V. dahliae inoculation was similar to that in empty vector plants (data 
not shown). To test whether the difference in shoot growth between transgenic plants C4, N10 
and N11 and empty vector control lines correlated with colonization by V. dahliae, we 
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quantified the fungal biomass in each of the lines by PCR.                              .   
 
Figure 5. Enhanced susceptibility of transgenic potato plants overexpressing Gr1106 to G. rostochiensis 
and to the fungus V. dahliae: (A) Number of nematodes developed into cysts on transgenic potato plants 
overexpressing Gr1106 variants E3, E4, E7, E9, C4, N11, N10 and an empty vector control line (EV). Three 
weeks-old potato plants were inoculated in vitro with 150 infective juveniles (E3, E4, E7, E9 and EV) and with 
200 infective juveniles (C4, N11, N10 and EV) each. The number of cysts per root system was determined 8 
weeks after inoculation. Error bars indicate standard error of the means. Different letters denote a significant 
difference with P-values < 0.05. 
 
The Ve-ITS amplification product representing fungal biomass (Gardes and Bruns, 1993; 
Lievens et al., 2006) was significantly higher in all three hypersusceptible transgenic potato 
lines (i.e. C4, N10, and N11) as compared to that in empty vector control lines (Figure 5C). 
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Figure 5. Enhanced susceptibility of transgenic potato plants overexpressing Gr1106 to G. rostochiensis
and to the fungus V. dahliae; (B) Shoot growth of potato plants overexpressing Gr1106 variants C4, N11, and 
N10, and one empty vector control line four weeks after inoculation with Verticillium dahliae. Each line was 
inoculated with fungal spores (left) and mock inoculated (right). (C) Quantification of fungal biomass in potato 
plants overexpressing Gr1106 variants C4, N11, and N10, and an empty vector control line (EV) following the 
inoculation with spores of V. dahliae (Ve) or mock inoculation.  The fungal biomass was quantified by PCR 
using primers designed on internal transcribed spacer-1 sequence of V. dahliae (Ve-ITS). Reactions with primers 
designed on the actin gene of S. tuberosum (StAct) were included as a reference, so that the amount of fungal 
DNA could be related to the amount of plant DNA. 
The Ve-ITS amplification product representing fungal biomass (Gardes and Bruns, 1993; 
Lievens et al., 2006) was significantly higher in all three hypersusceptible transgenic potato 
lines (i.e. C4, N10, and N11) as compared to that in empty vector control lines (Figure 5C). 
We therefore concluded that some of the GR1106 family members affect the susceptibility of 
potato plants to a fungus, but not to nematodes. While other GR1106 variants change the 
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susceptibility of potato plants to nematode infections, but not to infection by a fungus.  
 
GR1106 regulates defense-related WRKY transcription factors 
Because the parasitic strategies of G. rostochiensis and V. dahliae have so little in common, 
we reasoned that some of the GR1106 proteins may interfere with the plant’s defense 
responses that affect most plant-pathogens. To test this hypothesis we focused on the 
differential expression of three WRKY transcription factor homologs from potato (StWRKY) 
that have been associated with basal plant defenses in Arabidopsis thaliana before (i.e. 
WKRY22, WRKY33, and WRKY53; (Wan et al., 2004; Heese et al., 2007)). The expression of 
the StWRKY transcription factors was quantified with reverse-transcription PCR in non-
infected transgenic potato lines showing enhanced susceptibility to G. rostochiensis and V. 
dahliae. The StWRKY expression in the independent Gr1106 overexpressing lines was 
compared to that in the empty vector control plants, while using the constitutively expressed 
potato actin gene as a reference (Nicot et al., 2005). Only fold changes in transcript levels of 2 
and higher were considered as being significant. The transgenic potato plants expressing 
Gr1106 variants E3, E4, and E7 showed strong down-regulation of the StWRKY22 
transcription factor (Figure 6A). The transgenic potato lines expressing Gr1106 variants C4 
and N11 showed a weaker, but still significant down-regulation of StWRKY22.  
 
The down-regulation of StWRKY33 in all potato lines expressing Gr1106 was less than two-
fold, and was therefore not considered as significant. StWRKY53 was only significantly down-
regulated in transgenic potato lines overexpressing Gr1106 variants C4 and N10. The 
observed down-regulation of StWRKY33 was not significant in any of the Gr1106 
overexpressing potato plants. In conclusion, the enhanced susceptibility of potato plants 
overexpressing Gr1106 variants E3, E4, and E7 correlates with strong down-regulation of 
StWRKY22. Two of three Gr1106 overexpressing potato lines with enhanced susceptibility to 
the fungus V. dahliae showed a weak but significant down-regulation of StWRKY53. 
 
GR1106 proteins suppress plant immunity-associated programmed cell death  
Similar defense related cascades are often triggered upon the recognition of pathogen specific 
effectors by cognate plant resistance proteins. One of the common outcomes of these cascades 
is a hypersensitive response type of programmed cell-death. The hypersensitive response can  
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Figure 6. NSI-1 variants affect the expression of WRKY transcription factors in potato plants. Quantitative 
reverse-transcription PCR presented as ratios (2-ΔΔCt) between expression levels of the potato WRKY 
transcription factors (WRKY22, WRKY33 and WRKY53) in NSI-1 variants overexpressing plants and empty 
vector control lines (EV). Constitutively expressed potato actin gene was used as a reference in both the 
transgenic and empty vector control plants 
 
be easily observed by transiently co-expressing both effector and resistance genes in an 
agroinfiltration assay in Nicotiana benthamiana leaves. We used this system to investigate 
whether GR1106 variants suppress effector-triggered immune responses. Three pairs of 
potato resistance genes and matching effectors of various plant pathogens (i.e. Gpa2/RBP-1 
(Sacco et al., 2009), R3a/ Avr3a (Armstrong et al., 2005), Rpi-blb2/AvrBlb2 (Oh et al., 2009)) 
were co-infiltrated with seven GR1106 variants (i.e. E3, E4, E6, E7, C4, N10, and N11) or the 
corresponding empty binary vector pK2GW7 or pK2GW7:GUS. Three to five days after 
agroinfiltration the leave segments were visually inspected for the onset of a hypersensitive 
response. Expression of the resistance-effector gene pairs Gpa2/RPB1, Rpi-blb2/Avrblb2, and 
R3a/Avr3a together with the empty vector pK2GW7 or pK2GW7:GUS induced 
hypersensitive responses at three days post infiltration. However, co-infiltration with two out 
of six GR1106 variants (i.e. N11 and N10) completely suppressed the onset of a 
hypersensitive response elicited by Gpa2/RBP-1 and Rpi-blb2/Avrblb2 (Figure 7 A and B), 
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while the hypersensitive response induced by the R3a/Avr3a pair was not affected by any of 
the GR1106 variants (data not shown).  
 
Some wild type (e.g. one of the homologs from H1 resistance gene cluster -RGH10-
H1; (Finkers-Tomczak et al., 2011)) and specifically mutated resistance genes of the NB-
ARC-LRR class are autoactive in an agroinfiltration assay, resulting in effector-independent 
induction of a hypersensitive response. Four variants of GR1106 (i.e. E6, C4, N11, and N10) 
partially suppressed the hypersensitive response induced by the autoactive T557S mutant of 
Mi-1.2 ((Gabriels et al., 2007); Figure 7C). Similarly, we found that co-expression of Gr1106 
variants E6 and C4 strongly suppressed autoactive RGH10-H1-dependent hypersensitive 
responses (Figure 7D). NRC1 is an NB-ARC-LRR protein that is required for signaling of 
effector-triggered immunity induced by various immune receptors (Gabriels et al., 2007; 
Fradin et al., 2009).  
Transient expression of the constitutively active D481V mutant of NRC1 also triggers 
a hypersensitive response in N. benthamiana (Gabriels et al., 2007). Co-infiltration with the 
GR1106 variant E7 completely suppressed the hypersensitive response mediated by 
autoactive NRC1 mutant (Figure 7D).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. NSI-1 suppresses R gene mediated hypersensitive responses in N. benthamiana leaves. Leaves 
were infiltrated with A. tumefaciens cells expressing the indicated NSI-1 protein variants or empty vector and 
(A) Gpa2/RBP-1, (B) Rpi-blb2/AvrBlb2, (C) autoactive Mi1.2 mutant T557S, (D) 35S::RGH10-H1, and (E) 
autoactive NRC1 mutant D481V. Photos were taken 3 to 5 days after infiltration. Red circles indicate the 
unaffected HR phenotype, as expected after co-infiltration of HR inducing genes and gene combination with 
empty vector control. Yellow circles show the suppression or partial suppression of HR phenotype by different 
variants of NSI-1 protein. 
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In Figure 8 we present an overview of phenotypes that can be explained by action of different 
NSI-1 variants and that partially can be explained by sequence variation within NSI-1 family. 
Altogether, our findings show that members of the GR1106 family in G. rostochiensis 
suppress the plant’s immune responses, and it was therefore renamed Nematode Suppressors 
of Immunity-1 (NSI-1). 
 
 
 
Figure 8. Distance dendrogram from all NSI-1 variants showing a phenotype in planta. The phenotype 
observed for each variant upon its stable overexpression in a susceptible potato genotype is shown in a table 
where: N stands for enhanced susceptibility to G. rostochiensis, V for enhanced susceptibility to V. dahliae, Avr 
stands for suppression of R/AVR induced HR and Aut stands for suppression of autoactive R protein induced 
HR, W22 shows suppression of StWRKY22 expression and W53 shows suppression of StWRKY53 expression.  
 
 
Discussion 
In this chapter, we demonstrate that potato cyst nematodes deploy effectors that are able to 
down regulate defense-related WRKY transcription factors and to suppress the hypersensitive 
response that is a hallmark of innate immunity in plants. Furthermore, the overexpression of 
some NSI-1 variants in potato plants enhanced their susceptibility to nematodes, while other 
NSI-1 variants made potato plants more susceptible to a fungus. This shows that the members 
of the NSI-1 effector family have probably diversified to different roles, but more importantly 
that suppression of plant innate immunity promotes the virulence of the nematode.     
Cyst nematodes secrete a large repertoire of effectors, most of which have no 
sequence similarity to other sequences in databases (Gao et al., 2003; Davis et al., 2009; Jones 
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et al., 2009). There are a few exceptions, but for most of these cyst nematode effectors their 
roles in parasitism is also not known. Part of the effector repertoire in cyst nematodes 
functions in the enzymatic modification of plant cell-walls during host invasion and feeding 
structure formation (as reviewed by Davis et al., 2008). Other cyst nematode effectors mimic 
plant signaling peptides and may play a role in the differentiation of host cells into feeding 
structures (Wang et al., 2005; Lu et al., 2009). Cyst nematodes also secrete chorismate 
mutases, a key regulatory enzyme in the Shikimate pathway that among many others feeds 
into the biosynthesis of salicylic acid and phytoalexins (Jones et al., 2003). The role of 
exogenous chorismate mutase of nematode origin in host plants might be suppression of plant 
defenses, but there is currently no experimental data to corroborate this model. Recently, the 
cyst nematode effector 10A06 was shown to interact with a spermidine synthase in 
Arabidopsis thaliana, which likely plays a role in the regulation of the plant antioxidant 
machinery in the feeding structure of the nematode. Plant immune responses often involve an 
oxidative burst, and the cyst nematode effector 10A06 may indirectly affect plant defenses by 
manipulating the antioxidant machinery (Hewezi and Baum, 2010; Hewezi et al., 2010). 
Although it is widely accepted that cyst nematodes protect their feeding structures in host 
plants against attacks by the host’s innate immune system, this is the first direct evidence that 
these nematodes deploy specific effectors to suppress the plant immune response.    
 The NSI-1 gene family in G. rostochiensis shows evidence of strong diversifying (or 
positive) selection. Diversifying selection often occurs in proteins that operate at the interface 
between hosts and pathogens (Yang, 2002). Signs of diversifying selection have been found 
in many immune receptors (McHale et al., 2006), but also in numerous pathogen effectors 
(Ma and Guttman, 2008). For example, the majority of the so-called RxLR effectors of plant-
pathogenic oomycetes have undergone strong diversifying selection (Win et al., 2007). 
Similarly, the potato cyst nematode SPRYSEC effector family, including RBP-1, has been 
subjected to strong diversifying selection (Rehman et al., 2009b; Sacco et al., 2009).  
The rapid evolution of novel effector variants may indicate that the NSI-1 effector 
family diversifies to expand its range of virulence targets in host plants. The distinct effects of 
the different NSI-1 variants on the susceptibility of potato plants to pathogens, on the down-
regulation of WRKY transcription factors, and on the suppression of the hypersensitivity 
responses support the idea that they have diversified toward new virulence targets and 
perhaps new roles. However, strong diversifying selection in pathogens often reflects a strong 
diversifying selection in the host, and vice versa. Therefore, part of the sequence diversity in 
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the NSI-1 effectors family may reflect adaptations to rapidly changing virulence targets in 
host plants. This phenomenon has already been shown for effectors of the leaf mold fungus 
Cladosporium fulvum and the causal agent of potato late blight P. infestans that act as 
cysteine protease inhibitors of apoplastic cysteine proteases in tomato and potato (Rooney et 
al., 2005; Tian et al., 2007; Shabab et al., 2008; van Esse et al., 2008; Song et al., 2009).  
 An additional explanation for the diversifying selection in NSI-1 effectors is that they 
may also rapidly change to avoid recognition by resistance proteins of the host plant. This 
scenario involves a complex evolutionary playing field, on which some NSI-1 variants 
evolved as suppressors of effector-triggered immunity mediated by specific resistance 
proteins, while they may also act as elicitors of effector-triggered immunity mediated by other 
resistance proteins. Instead of losing NSI-1 effectors that are recognized by resistance 
proteins, it is conceivable that the nematodes evolve novel NSI-1 variants to suppress these 
resistance proteins that recognize ‘older’ NSI-1 variants. A similar phenomenon has been 
previously observed in P. infestans – potato interaction, where some members of the same 
effector family (IPI-O) could elicit the R gene mediated resistance, while other variants could 
then suppress it (Halterman et al., 2010). So, instead of the situation in which the genetic 
diversity in an effector gene family is determined by rapid gain and loss of NSI-1 effectors 
the NSI-1 effector family may expand while it is accumulating suppressors of novel resistance 
genes. 
The overexpression of some of the NSI-1 family members in potato down-regulated 
the expression of the transcription factors StWRKY22 and StWRKY53. Little is known of the 
regulation of WRKY22 and WRKY53 transcription factors in compatible nematode-plant 
interactions. Only the down-regulation of AtWRKY33 has been observed in a comprehensive 
transcriptome analysis of susceptible A. thaliana infected with the beet cyst nematode 
Heterodera schachtii (Puthoff et al., 2007), but the expression of StWRKY33 is not affected 
by NSI-1 variants in potato. AtWKRY22 and AtWRKY53 are defense-related transcription 
factors that function as key regulators in immune signaling pathways. We therefore conclude 
that at least some of the NSI-1 family members in G. rostochiensis suppress innate immune 
signaling in plants, which leads to an enhanced virulence of the nematodes. The NSI-1 
effector variants differentiate in their effect on the expression of WRKY transcription factors 
in potato. Two NSI-1 transgenic potato lines (i.e. C4 and N10) with enhanced susceptibility to 
V. dahliae showed a weak but significant down-regulation of StWKRY22 and StWRKY53. By 
contrast, the expression of StWKRY22, but not of StWRKY33 and StWRKY53, was strongly 
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reduced in NSI-1 transgenic potato lines exhibiting enhanced susceptibility to G. 
rostochiensis. These findings suggest that the members of the NSI-1 effector gene family in 
G. rostochiensis have diversified to target different immune signaling routes in potato, 
perhaps reflecting different roles in promoting nematode virulence.  
Shortly after the penetration of a root, potato cyst nematodes burrow through cortical 
cell layers to find an appropriate cell to initiate a feeding structure. This behavior involves 
extensive local cell wall degradation and cell necrosis, and will probably elicit an immune 
response similar to that caused by necrotrophic pathogens. Suppression of innate immunity in 
the host in this phase may require a different set of NSI-1 effectors than is required for 
immune suppression during the biotrophic phase in which the sedentary nematodes modify 
host cells into complex multicellular feeding structures. A specific knock-down of NSI-1 
variants could clarify whether NSI-1 effectors have diversified to function in different phases 
of nematode parasitism, however NSI-1 variants are too similar to target by RNA interference 
separately.         
 AtWKRY22 and AtWRKY53 are thought to connect multiple immune receptors and 
downstream mitogen-associated protein kinase signaling cascades to plant defense-related 
gene expression. AtWRKY22 and AtWRKY53 may each regulate different parts of the 
defense-related transcriptome in response to different PAMPs and effectors, however the 
exact roles of the individual WRKY transcription factors are not well understood. Depending 
on the parasitic strategy of an invader, plants are able to activate different combinations of 
WRKY transcription factors to achieve an appropriate defense-gene expression profile. For 
instance, AtWRKY22 operates as a substrate of a mitogen-activated protein kinase cascade 
downstream of the receptor FLS2, which specifically recognizes the flg22 epitope in bacterial 
flagellin as a PAMP (Asai et al., 2002). Treatments of A. thaliana seedlings with chitin, 
another inducer of PAMP-triggered immunity, up-regulates the expression of AtWRKY22, 
AtWRKY33, and AtWRKY53 (Wan et al., 2004; Libault et al., 2007). Analysis of the cir1 
mutant of A. thaliana with an enhanced resistance to P. syringae suggests that AtWRKY53 
functions as positive regulator of basal resistance to bacterial pathogens (Murray et al., 2007). 
However, virus-induced gene silencing of an AtWRKY53 homolog in wheat (Triticum 
aestivum) indicates that it is also involved resistance gene-mediated defenses against aphids 
(Diuraphis noxia; (Van Eck et al., 2010)). The activities of StWRKY22 and StWRKY33 
seem not to be specific for either PAMP-triggered immunity or effector-triggered immunity, 
and it is therefore difficult to conclude whether the NSI-1 variants target basal plant defenses, 
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resistance gene-mediated defenses, or both in potato.   
 Effector-triggered immunity in plants is often associated with a local hypersensitive 
response in the vicinity of the infection site. Two out of seven NSI-1 variants tested (i.e. N10 
and N11) suppressed the hypersensitive response mediated by the nematode resistance gene 
Gpa2 and the P. infestans resistance gene Rpi-blbl2, but not the hypersensitive response 
mediated by the P. infestans resistance gene R3a. This shows that, unlike for instance SNE1 
of P. infestans, the NSI-1 effectors are not generic suppressors of plant cell death (Kelley et al., 
2010). Gpa2 and Rpi-blb2 are both members of the CC-NB-ARC-LRR resistance gene class, 
but they share only 35 percent identity. The suppression by single NSI-1 variants of two 
largely different resistance proteins suggests that these NSI-1 effectors most likely target 
common parts in immune signaling pathways downstream of these resistance proteins, rather 
than resistance proteins directly. The suppression of the elicitor independent hypersensitive 
responses triggered by natural and artificially induced autoactive mutants of the nematode 
resistance genes (RGH10-H1 and Mi1.2) and of the immune signaling protein NRC1 by 
several NSI-1 effectors further supports the idea that they target immune signaling pathways 
downstream of the receptors. Our findings further show that the NSI-1 effectors suppress 
immune signaling pathways so much that a hypersensitive response no longer occurs. The 
hypersensitive response is often considered to be the final stage of effector-triggered 
immunity, however it would be premature to conclude that NSI-1 effectors exclusively target 
effector-triggered immunity. Effector-triggered immunity is thought to be an extended and 
amplified form of PAMP-triggered immunity, and there is extensive overlap in the signaling 
pathways that lead to PAMP-triggered immunity and effector-triggered immunity (He et al., 
2007; Tsuda and Katagiri, 2010). It is therefore conceivable, that the NSI-1 effectors suppress 
signaling components that are common to both types of plant innate immunity.     
The expression of NSI-1 effectors in G. rostochiensis coincides with the initiation and 
maintenance of the feeding structure of the nematode. It is therefore likely that G. 
rostochiensis uses the NSI-1 effectors to protect its feeding structure. The feeding structure is 
the sole life-support system of potato cyst nematodes, and protecting it from the immune 
system of a host plant is probably a critical activity for the nematodes. Failing to do so leads 
to the deterioration of the feeding structure, as does occur in nematode resistant plants. 
Several comprehensive plant gene expression studies on nematode-infected roots suggest, 
however, that even in susceptible plants the innate immune system is activated rather than 
suppressed (Gheysen and Fenoll, 2002; Alkharouf et al., 2006; Ithal et al., 2007b). However, 
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with regard to defense-related gene expression, a distinction should be made between the 
destructive penetration phase and the biotrophic feeding phase of the infection. The massive 
tissue damage caused by cyst nematodes at the onset of parasitism may lead to strong primary 
defense responses (Hansen et al., 1996). In gene expression analyses of nematode-infected 
roots, the up-regulation of defense-related genes along the migratory tract may mask any 
subsequent local suppression of defense-gene expression inside the feeding structure (Ithal et 
al., 2007b). Studies specifically focusing on global gene expression patterns in nematode-
induced feeding structures show that the defense gene expression is indeed down-regulated ( 
Ithal et al., 2007a; Klink et al., 2007; Puthoff et al., 2007).  
The obligate animal-parasitic nematodes deploy a range of immune evasive strategies 
to govern the immune system of their mammalian hosts. Plant-parasitic nematodes were 
thought to have similar capabilities, but there was no experimental evidence to substantiate 
this model. In this chapter, we showed that potato cyst nematodes are indeed able to actively 
suppress the immune system of the host to promote their virulence. Animal-parasitic 
nematodes use multiple effectors to modulate host immunity, and further analyses of the large 
effector repertoire of G. rostochiensis will have to shed light on other possible 
immunomodulatory effectors secreted by plant-parasitic nematodes.      
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Introduction 
 
The co-evolution between plants and their pathogens has resulted in elaborate sets of 
effectors in pathogens and a complex surveillance and defense system in plants. Potato 
cyst nematodes have evolved large repertoires of effectors that are thought to be 
involved in host invasion, feeding site formation, and suppression of plant innate 
immunity in Solanaceous plant species. In response to this, host plants such as potato 
have evolved large clusters of disease resistance genes, some of which give protection to 
potato cyst nematodes. The outcome of an encounter between potato cyst nematodes and 
host plants thus depends on the compositions of the effector repertoires in the 
nematodes and of the defense genes in potato. The process of host invasion by nematodes 
is relatively well resolved. Recent studies have also given insights into the complexity of 
the transformation of host cells into feeding structures. In contrast, and despite its 
widely perceived importance for nematode parasitism, little is known about the 
activation and suppression of host immunity by plant-parasitic nematodes.  
This thesis aims to characterize determining factors in incompatible interactions 
between potato and potato cyst nematodes. In this chapter we will further discuss the 
findings presented in previous chapters within the context of the current insights in the 
field of molecular plant microbe interactions. In Chapter 3, we described the fine 
mapping of a single locus, which controls resistance to the two potato cyst nematode 
species (Globodera pallida and G. rostochiensis). In the first section of this chapter, we 
elaborate on the possibility that this nematode resistance depends on one or more tightly 
linked NB-ARC-LRR resistance genes. In Chapter 4, we showed that the H1 locus 
controlling resistance to G. rostochiensis pathotypes Ro1 and Ro4 harbors a large and 
highly diverse cluster of CC-NB-ARC-LRR genes. Here we will further analyze the 
problems encountered during cloning the functional H1 gene and we will explore some 
possible solutions to speed up future isolation of this important nematode resistance 
gene. Finally, in Chapter 5, we have reported the identification and characterization of 
an effector of the potato cyst nematode G. rostochiensis involved in suppression of host 
defenses. The third section of Chapter 6 deals with possible activities and virulence 
targets of these suppressors of plant innate immunity.  
 
 
DISCUSSION 
 
 
 115 
NB-ARC-LRR genes seem to underlie both quantitative and qualitative resistance to 
PCN 
 
The Grp1 locus 
Previously, it was shown that quantitative resistance against the two sibling potato cyst 
nematode species G. rostochiensis and G. pallida could be ascribed to one locus (Grp1) on 
chromosome V of potato (Rouppe Van Der Voort et al., 1998). The Grp1 locus derives from 
an interspecific hybrid between Solanum tuberosum and several other wild species (including 
S. spegazzini and S. vernei). In our current study the Grp1 locus explains 67 and 62 % of the 
resistance to populations of G. pallida and G. rostochiensis, respectively, and was mapped to 
a 1.1 cM interval, a part of the region mapped between the two CAPS markers GP21 and 
GP179 (Chapter 3). In Solanum demissum, this region harbors at least four groups of NB-
ARC-LRR genes (Kuang et al., 2005), namely the resistance gene R1 against Phytophtora 
infestans, several homologs of R1 (Ballvora et al., 2007; Ballvora et al., 2002), and homologs 
of the resistance genes Bs4 from pepper and Prf from tomato that confer resistance to the 
bacterial pathogens Xanthomonas campestris pv. versicatoria (Schornack et al., 2004b; 
Schornack et al., 2004a) and Pseudomonas syringae (Salmeron et al., 1996), respectively. 
Evidently, the Grp1 resistance is located in a region on potato chromosome V that harbors 
different resistance genes to different types of plant pathogens. Therefore, the quantitative 
nematode resistance linked to the Grp1 locus is most likely mediated by one or more tightly 
linked genes, which belong to the NB-ARC-LRR class of resistance genes.  
 It appears that other QTLs for nematode resistances are also located in regions where 
single dominant resistance traits or NB-ARC-LRR genes have been mapped. These regions 
are so-called hot spots for resistance. For example, the map position of the two additive 
resistance QTLs against G. pallida viz. Gpa5 and Gpa6 coincides with two resistance gene 
clusters in potato (Rouppe van der Voort et al., 2000). Two QTLs for resistance to G. 
rostochiensis (Gro1.2 and Gro1.3) were mapped in a region also harboring resistance to P. 
infestans (Ei-Kharbotly et al., 1996). Similarly, the resistance QTL GpaXIltar to G. pallida co-
localizes with major virus and root-knot nematode resistance genes (Tan et al., 2009). And, 
lastly, a recent genome-wide mapping study in potato showed that homologs of the NB-ARC-
LRR genes anchor in the regions, where nematode resistance QTLs were mapped previously 
(Bakker et al., 2011).  
Studies on plant resistance to other pathogens also revealed that in many cases the 
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genetic map positions of resistance QTLs overlap with major resistance genes (Caranta, 1997; 
Pflieger et al., 1999; Geffroy et al., 2000; Grube et al., 2000; Marczewski et al., 2001; Wang 
et al., 2001a; Bai et al., 2003; Decroocq et al., 2005; Mutlu et al., 2006; Rauscher et al., 
2010). This may be purely coincidental due to the clustering of genes involved in disease 
resistance in general, but it also is conceivable that combinations of members of major 
resistance genes clusters collectively contribute to quantitative resistance. It was proposed 
that some resistance QTLs may correspond to allelic versions of major resistance genes with 
intermediate levels of resistance (Geffroy et al., 2000). For example, a detailed analysis of the 
I-2 resistance gene cluster in tomato revealed that at this particularly complex locus, members 
of the same gene family are able to confer full or partial resistance to Fusarium (Sela-
Buurlage et al., 2001). Also the distribution of resistance genes in the potato genome suggests 
that quantitative resistance traits rely on genes with at least some structural similarity to the 
currently cloned major resistance genes (Gebhardt and Valkonen, 2001; Hein et al., 2009; 
Bakker, 2011).  
The Grp1 locus is located in a region that is a hot spot for major nematode resistances 
in potato, including a resistance QTL to G. pallida from S. vernei (Bryan et al., 2002) and the 
resistance genes GpaM1 (Caromel et al., 2003), Gpa5 (Rouppe van der Voort et al., 2000), 
and Gpa (Kreike et al., 1994) that all derive from an intraspecific hybrid between S. 
tuberosum with several wild potato species. It is thus possible that the Grp1 locus is part of a 
resistance gene cluster carrying different G. pallida resistance genes from distinct wild potato 
species. The Grp1 locus, however, also confers additionally resistance to G. rostochiensis. 
This suggests that it may harbor an R gene cluster with an additional RGH that is effective 
against a second nematode species. Broad recognition specificity in the Grp1 QTL can be the 
result of differences in size of this cluster due to the introgression of a larger region from wild 
species or it could have evolved within the cluster. Resolving the genomic organization of the 
resistance gene cluster in which Grp1 is located in different potato genotypes will answer this 
question.  
When resistance gene homologs appear to co-localize with disease resistance traits as 
described above, the sequence conservation in resistance gene homologs available to date can 
be used for developing new markers linked to nematode resistance. This type of marker may 
significantly help with the mapping and cloning of the gene(s) underlying Grp1 resistance. It 
is even possible that homologs of the previously mapped and cloned resistance genes, which 
code for resistance to different pathogens and which were also mapped in the GP21/GP179 
DISCUSSION 
 
 
 117 
interval, contribute to resistance against potato cyst nematodes. This hypothesis is supported 
by other findings, as homologs from a single resistance gene cluster were previously shown to 
confer absolute resistance to both G. pallida and potato virus X (Van der Vossen et al., 2000). 
More recently, two different resistances against powdery mildew were mapped in the tomato 
locus containing Mi-1, a gene that confers resistance to root-knot nematodes, aphids and 
whiteflies, and are encoded by Mi-1 homologs (Seifi et al., 2011). Marker and sequence 
information generated by numerous ongoing mapping studies and recently, the tomato and 
potato genome sequence projects, will accelerate the cloning of many genes underlying 
resistance traits like Grp1 in the future and aid their deployment in crop breeding.  
How can one explain the quantitative nature of major resistance genes, if they indeed 
underlie nematode resistance QTLs like Grp1? Part of the explanation may lie in the genetic 
heterogeneity of natural populations of potato cyst nematodes. This genetic heterogeneity 
may also explain why there are so many resistance QTLs against cyst nematodes (as 
summarized in Chapter 2), while mostly single dominant resistance genes have been found 
for root-knot nematodes (Meloidogyne spp.). The obligate outbreeding potato cyst nematodes 
have patchy distribution patterns and in one potato growing area thousands of isolated 
populations may occur (Bakker, 2002). Furthermore, a single population of potato cyst 
nematodes is genetically a heterogeneous mixture of avirulent and virulent individuals 
(Bakker et al., 1993). By contrast, the populations of parthenogenetic root-knot nematodes are 
genetically uniform. The variation in virulence in populations of potato cyst nematode will 
influence the perceived effectiveness of resistance genes. This may result in the situation 
wherein a single dominant resistance gene confers resistance to only part of a nematode 
population and thus mimics a quantitative resistance trait (Rouppe van der Voort et al., 2000). 
Hence, the quantitative resistance of Grp1 against two potato cyst nematode species may in 
fact be the result of a variation in virulence in the populations that have been used for the 
phenotyping of the resistances. By extension, the decline of major resistance genes against 
nematodes in the field can also be a consequence of the selection of virulent genotypes 
already present in the heterogeneous founding populations (Folkertsma et al., 2001). One can 
imagine that at the level of the individual resistance genes present at the Grp1 locus, such a 
gene would confer nearly absolute resistance against a single matching avirulent nematode 
genotype (Rouppe Van Der Voort et al., 1998), while the perceived level of resistance to a 
natural nematode population would depend on the ratio between virulent and avirulent 
genotypes. The emergence of virulent nematode genotypes as a result of mutations paired 
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with general lower fitness could be alternative explanation for major resistance genes 
conferring partial resistance. This latter phenomenon is observed in studies on ‘defeated’ 
resistance genes like Xa4, which acts as a QTL when virulent fungi are present (Li et al., 
1999).  
 
The H1 locus 
In contrast to Grp1, the H1 locus confers almost absolute resistance to G. rostochiensis 
pathotypes Ro1 and Ro4 in a single dominant manner (Janssen et al., 1991). In Chapter 4, it is 
shown that this locus on the long arm of chromosome V in potato harbors a large cluster of 
highly homologous CC-NB-ARC-LRR genes distributed over a nearly 400 kb continuous 
genomic region. The genes are most similar to Mi-1 (Milligan et al., 1998; Vos et al., 1998) 
and Rpi-blb2 (Van der Vossen et al., 2005) that confer resistance to different root-knot 
nematode species, potato aphid and whitefly in tomato and to P. infestans in potato, 
respectively. Like the H1 gene, these latter two genes are located in loci consisting of a gene 
cluster of seven to nine homologs on chromosome VI. In both cases one gene was shown to 
be sufficient to confer complete resistance to one (Rpi-blb2) or more (Mi-1) pathogens. 
Therefore, we reasoned that one of the candidate genes in the H1 locus would be accountable 
for full resistance to potato cyst nematodes. Unfortunately, the genetic recombination in a 
major part of the H1 locus is suppressed, which results in complete linkage of ten resistance 
gene homologs. Four of the homologs are coding for full-length CC-NB-ARC-LRR proteins 
and, as such, are considered as candidates for the H1 resistance gene (Chapter 4). However, 
testing each of these candidate genes in laborious and time-consuming resistance assays on 
transgenic potato lines did not identify one as sufficient for nematode resistance.  
Because of the lack of genetic resolution at the H1 locus, one possible explanation for 
not finding a functional nematode resistance gene among the four candidate genes is that the 
H1 resistance might rely on two or more closely linked genes, rather than one gene. Recent 
evidence suggests that single dominant resistance traits more often depend on two major 
resistance genes. For instance, there is growing support for the idea that resistance to some 
fungal and bacterial plant pathogens relies on two neighboring genes (Sinapidou et al., 2004; 
Ashikawa et al., 2008; Lee et al., 2009; Loutre et al., 2009; Narusaka et al., 2009a; Narusaka 
et al., 2009b). Recently, it was discovered that two resistance genes work together to provide 
resistance to a fungus (Colletotrichum higginsianum) and two bacterial plant pathogens  
(Ralstonia spp. and P. syringae) (Narusaka et al., 2009a). The two R genes at this locus, RRS1 
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and RPS4, are structurally similar and are located close to each other, probably sharing 
promoter regions. This led to the hypothesis that gene expression of the two genes is 
regulated together and that RRS1 and RPS4 may form a protein complex. Because some of 
the H1 homologs are also located close to each other, it is possible that in order to 
complement the resistance phenotype more than one resistance gene homolog is needed. To 
investigate this hypothesis, combinations of candidate genes could be tested in a susceptible 
potato genotype. Alternatively, selective gene silencing of each candidate gene by RNA 
interference could be used to examine whether nematode resistance is conferred by more than 
one gene.  
 One of the key issues in the identification of resistance genes by complementation is 
to determine how much of the genomic sequence flanking the gene candidate is required to 
ensure that all regulatory elements necessary for proper gene expression are present. 
Resistance genes are thought to be constitutively expressed throughout the whole plant, as 
was shown for the Mi-1 gene (Milligan et al., 1998). However, this may not hold true for all 
resistance genes. The expression of some resistance genes is up-regulated by environmental 
conditions favoring pathogen infection (Wang et al., 2001b), or by the presence of the 
pathogen itself (Yoshimura et al., 1998; Mes et al., 2000; Levy et al., 2004). Similar 
observations have been reported for the nematode resistance genes Hs1pro-1 from sugar beet 
(Thurau et al., 2003) and Hero from tomato (Sobczak et al., 2005). These findings suggest 
that the presence of specific regulatory elements in the promoters of resistance genes may be 
important for proper functioning. They may enable the plant to tune up the otherwise costly 
resistance gene expression to levels optimal for protection against pathogen attack. It has 
already been shown that constitutive overexpression of resistance genes may lead to a 
hypersensitive response in the absence of the elicitor, showing that resistance genes may need 
tight regulation (Tao et al., 2000; Belkhadir et al., 2004). This also implies that lack or 
disruption of sequences with regulatory elements can lead to a different or loss of resistance 
phenotype. This may result in only partial resistance, as was shown for the promoter of the M 
resistance gene against rust (Anderson et al., 1997). It seems therefore crucial for full 
functionality of resistance genes to include all the native regulatory elements in the constructs 
used for complementation studies. While making the constructs of the five candidate 
resistance genes for potato transformation, we included a region upstream of the predicted 
start codons that varied in length between 2.2 and 5.7 Kb. Thus, the possibility that some 
important regulatory elements are missing in these constructs cannot be ruled out and requires 
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further investigation. To circumvent this problem, all the candidate resistance genes were also 
placed under control of the constitutive CaMV 35S promoter, but thus far without success. 
However, we did observe that one of the candidate resistance genes (RGH10-H1) under the 
35S promoter yielded an elicitor-independent hypersensitive response when it was transiently 
overexpressed in Nicotiana benthamiana leaves. It remains to be shown if this candidate 
gene, apparently able to signal a downstream cell death response, is able to confer nematode 
resistance when properly expressed using its native regulatory sequences. 
Another reason why single candidate genes are sometimes not able to provide 
resistance is the genetic makeup of the susceptible host that is used for the complementation 
assay. As was shown for the Mi-1 resistance gene, another unlinked locus (Rme-1) in the 
tomato genome is sometimes required for expression of full resistance (Jacquet et al., 2005). 
It was demonstrated that rme1 mutants are compromised in Mi-1 resistance (Martinez De 
Ilarduya et al., 2004). The susceptible diploid potato genotype line V used for the 
complementation of the H1 resistance gene candidates was previously used for the 
complementation of Gpa2 nematode resistance and Rx1 virus resistance. Although Gpa2, 
Rx1, and H1 have all been introgressed into cultivated potato from S. tuberosum ssp. 
andigena, it cannot be excluded that the functionality of the H1 resistance gene depends on 
other proteins not present in this genetic background. Complementing resistance in the RH89-
039-16 genotype (S. tuberosum ssp. tuberosum/S.phureja) used as susceptible parent of the 
H1 mapping population, could be used to test this hypothesis. 
 For further identification of the H1 gene, the sequence data from the gene candidates 
in the H1 locus (Chapter 4) can be converted into gene-specific markers for use in alternative 
mapping strategies, such as marker–trait association. Association mapping based on linkage 
disequilibrium is becoming a powerful tool in mapping quantitatively inherited quality traits 
in potato (D'Hoop et al., 2008), but have been also assessed for mapping resistances to late 
blight (Gebhardt et al., 2004) and to Verticillium dahliae (Simko et al., 2004). The H1 
resistance was introgressed into a potato pedigree in many breeding programs over the last 60 
years, resulting in numerous commercial cultivars harboring this trait combined with different 
genetic backgrounds. Analysis of this potato pedigree can help us to determine linkage of 
single, or multiple, H1 gene candidates with nematode resistance. Preliminary results based 
on screening 250 potato cultivars with candidate-specific markers allowed us to rule out at 
least two out of the four candidates (data not shown). This reduction in number of gene 
candidates is a major advance, as this significantly lowers the number of possible 
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combinations of candidates to be tested in complementation studies. In addition, our 
preliminary results obtained in the association mapping strategy demonstrate the specificity 
and robustness of the gene-specific markers designed for each candidate or their flanking 
regions. Since the H1 resistance is one of the most durable (nematode) resistance genes with 
high agronomical value to potato growers, these markers are currently being applied in 
breeding programs of the breeders to check the presence of H1 resistance in their breeding 
material.  
 
Potato cyst nematodes suppress resistance in host plants  
 
The NSI-1 effectors of G. rostochiensis are suppressors of plant innate immunity 
In chapter 5 of this thesis, we described the identification of a gene family in the potato cyst 
nematode G. rostochiensis encoding effectors that are capable of suppressing plant innate 
immune responses in Solanaceous plants. This effector gene family, named Nematode 
Suppressors of Immunity 1 (NSI-1), includes at least twenty-six members. Although not all 
members of the NSI-1 gene family act in the same way, the evidence presented in this thesis 
suggests that this effector family targets the host’s immune system to promote virulence of 
the nematodes. First, knocking down NSI-1 by RNA interference reduced the virulence of the 
nematodes in potato. Second, overexpression of NSI-1 variants in potato enhanced the 
susceptibility of the plants to nematodes. Remarkably, some of the NSI-1 overexpressing 
potato plants showed an enhanced susceptibility to the fungus Verticillium dahliae, but not to 
nematodes and vice versa. The overexpression of some of the NSI-1 members in potato down-
regulated the expression of two defense-related WRKY transcription factors. And, lastly, 
some NSI-1 members specifically suppressed the hypersensitive response-type of 
programmed-cell death (HR-PCD) that is typically associated with effector-triggered 
immunity in plants.  
 Although other nematode effectors have been shown to potentially affect plant 
defenses before, NSI-1 is the first nematode effector family that has been directly linked to 
the suppression of plant innate immune responses. For example, the effector 10A06 of the 
beet cyst nematode (Heterodera schachtii) enhances the susceptibility of A. thaliana to 
nematodes, bacteria, and viruses (Hewezi et al., 2010). Hs10A06 targets a spermidine 
synthase of A. thaliana, which is important for polyamine signaling. Polyamines are thought 
to play an important role in the cross talk between different hormonal pathways in plants 
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(Alcazar et al., 2010). The beet cyst nematodes may use Hs10A06 to influence this cross talk 
to divert defense responses that rely on hormonal signaling. Similarly, most cyst and root-
knot nematodes secrete effectors with highly similarity to bacterial chorismate mutases 
(Lambert et al., 1999a; Bekal et al., 2003; Jones et al., 2003; Huang et al., 2005a). Chorismate 
mutase is a key enzyme in Shikimate pathway that regulates the conversion of chorismate to 
prephenate, and thereby the synthesis of prephenate-derived defense-related compounds such 
as flavonoids and salicylic acid. It is thought, but not shown, that nematode chorismate 
mutase enhances nematode susceptibility of host plants by suppressing the synthesis of IAA, 
a compound that may also play a role in amplification of plant defense response (Doyle and 
Lambert, 2003). A third example of a nematode effector with possible immune suppressive 
activity is SPRYSEC19 of G. rostochiensis. Overexpression of SPRYSEC19 in potato 
enhances the susceptibility of potato to nematodes, V. dahliae, and tomato spotted wilt virus 
(Rehman, 2008). SPRYSEC19 binds to the LRR domain of a putative CC-NB-ARC-LRR 
resistance protein located in the SW5 resistance gene cluster. Because binding of 
SPRYSEC19 to the LRR domain of SW5F does not activate an immune response, it is 
thought that instead of activating immunity SPRYSEC19 suppresses the immune responses 
mediated by the resistance protein. However, further studies are needed to investigate whether 
SPRYSEC19 is indeed a suppressor of plant innate immunity in potato.                 
 
Effectors, activities, targets, and effects 
The NSI-1 effector family promotes the virulence of PCN, most likely through the specific 
suppression of immune responses. However, the individual members of the NSI-1 family 
seem to have different effects on the susceptibility of potato plants to pathogens and 
differently suppress HR-PCD triggered by combinations of resistance proteins and elicitors. 
Our findings suggest that members of the NSI-1 effector family may also have different 
virulence targets, and perhaps even different biochemical activities.  
Studies on effectors from other plant pathogens that suppress plant innate immunity 
and HR-PCD reveal a wide range of possible virulence targets and activities. The best-studied 
are probably effectors secreted by the Type-III Secretion System of bacterial plant pathogens 
such as P. syringae. This pathogen essentially targets all major molecular components in the 
immune signaling cascades to suppress PAMP-triggered and effector-triggered immunity 
(Block and Alfano, 2011). For instance, the E3 ligase activity of AvrPtoB reduces the lifetime 
of the PAMP receptor FLS2 by hijacking the plants own proteasomal degradation machinery 
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(Gohre et al., 2008). The phosphothreonine lyase activity of the P. syringae effector HopAI1 
modifies signaling components downstream of receptor proteins such as MPK3 and MPK6 so 
that they can no longer become phosphorylated (Zhang et al., 2007). Further downstream, the 
P. syringae effector HopU1 is thought to ADP-ribosylate host RNA-binding proteins to 
regulate the translation of the defense-related transcriptome (Fu et al., 2007). In addition to 
intercepting immune signaling, P. syringae also secretes analogues of jasmonic acid to 
interfere with hormone-regulated defense responses (da Cunha et al., 2007).  
Much less is known about the activities and virulence targets of fungal and oomycete 
effectors. Cladosporium fulvum, a fungal pathogen of tomato, secrets an effector, named 
Avr2, in the apoplast of host cells. It has been shown that overexpression of Avr2 in tomato 
enhances the susceptibility of tomato plants to different plant pathogens (van Esse et al., 
2008). Furthermore, Avr2 binds to and inhibits different extracellular cysteine proteases in 
tomato, which are presumably involved in defense regulation in the plant (Rooney et al., 
2005; van Esse et al., 2008). Interestingly, one of the cysteine proteases targeted by Avr2 is 
also a target of an effector secreted by oomycete pathogen P. infestans (Song et al., 2009). 
Further sequencing of the P. infestans genome revealed hundreds effectors with a 
characteristic internal RxLR motif, which is required for the translocation of the effectors into 
the plant cell cytoplasm (Haas et al., 2009). Some of these RxLR effectors interfere with HR-
PCD (Armstrong et al., 2005; Kee et al., 2007). So far, for only one of them, named AVR3a, 
both the activity and virulence target have been resolved. AVR3a binds to and stabilizes the 
host protein CMPG1, which is an E3 ligase that is normally degraded during the INF-1 
induced HR-PCD (Bos et al., 2010). The elicitin INF1 is thought to act as a PAMP of P. 
infestans in N. benthamiana. Transient overexpression of AVR3a suppresses HR-PCD 
induced by INF1 (Bos et al., 2006). 
The NSI-1 family members have no significant sequence similarity with effectors 
from other plant pathogens or with other functionally annotated proteins that could provide a 
clue to the identities of the virulence targets and activities of NSI-1 effectors. Nonetheless, the 
overall topology of the NSI-1 effectors is remarkable and could prove to be a valuable lead to 
pursue in future research. The NSI-1 effectors are relatively small (<21.7 kDa) and seem to 
include three putative domains. The amino terminal domain consists of approximately 100 
amino acids, harboring multiple predicted nuclear localization signals. The carboxy-terminal 
domain of about 60 amino acids consists of more than 20 acidic amino acid residues 
interspersed with bulky and hydrophopic residues. The two terminal domains are connected to 
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each other by a short flexible linker sequence. The overall topology of NSI-1, and the acidic 
domain in particular, is reminiscent of transcription factors (Ptashne, 1988). More 
interestingly, it partly resembles the structure of the effector AvrBs3 of the bacterial pathogen 
Xanthomonas campestris, which acts as transcription factor in host cells. The structure of 
AvrBs3 is characterized by a DNA binding motif, a domain with multiple nuclear localization 
signals, and a carboxy-terminal acidic domain. The first domain consists of multiple repeats 
and determines the specificity of the effector. The C-terminal acidic domain acts as a 
transcription activation domain (Bonas et al., 2000). AvrBs3 specifically binds to a so-called 
upa20 motif in promoters of host genes involved in cell elongation (Szurek et al., 2001; 
Marois et al., 2002; Kay et al., 2007). Because the upa20 motif is also present in the promoter 
of the resistance gene Bs3 in pepper, the effector AvrBs3 activates the expression of this 
resistance gene, which results in resistance to X. campestris (Romer et al., 2007). Further 
studies are needed to investigate whether NSI-1 effectors also act as transcription factors in 
host cells, and whether they modulate host innate immunity by regulating defense-related 
gene expression. Preliminary data from studies on the subcellular localizations of NSI-1 
effectors fused to the green fluorescent protein suggest that these nematode effectors target 
the nucleus of host cells.    
Some of the NSI-1 effectors down-regulate the expression of the WRKY22 and 
WRKY53 transcription factors in potato. It is not clear whether the NSI-1 effectors target the 
transcription of these two defense-related WRKY transcription factors directly. In 
Arabidopsis, WRKY22 and WRKY53 are involved in both PAMP-triggered immunity and 
effector-triggered immunity to a wide range of plant pathogens and parasites. For instance, 
immune responses triggered by the bacterial PAMP flagellin are regulated by WRKY 
transcription factors (Asai et al., 2002). They are also required for effector-triggered 
immunity to plant pathogenic bacteria (Melech-Bonfil and Sessa, 2010) and fungi in tomato 
(Fradin et al., 2009). The WRKY transcription factors bind to so-called W-box motifs in the 
promoters of defense-related genes to regulate their expression. Their own promoters also 
include W-box motifs through which they can autoregulate their expression (Rushton and 
Somssich, 1998; Eulgem et al., 2000). The NSI-1 effectors may therefore regulate WRKY 
expression indirectly via suppression of activators, such as mitogen-activated protein kinases, 
that are positioned upstream of the WRKY transcription factors in immune signaling 
pathways (Asai et al., 2002; He et al., 2006).      
Some of the members of the NSI-1 effector family suppress HR-PCD triggered by 
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specific combinations of resistance proteins and pathogen elicitors (i.e. Rpi-blb2/AvrBlb2; 
Gpa2/RBP-1), and by autoactive mutants of resistance proteins (i.e. Mi-1.2 T557S, NRC1 
D481V, RGH10-H1). Although an HR-PCD in the infection site is often considered to be the 
final stage of effector-triggered immunity, it is not clear whether this phenomenon is required 
for immunity or whether it is merely a side effect of the chemical warfare deployed by the 
plant. PAMP-triggered immunity rarely results in an HR-PCD at the infection site, but 
artificially elevated and prolonged exposure of plants cells to PAMPs can nonetheless trigger 
an HR-PCD (e.g. INF1 of P. infestans (Kamoun et al., 1998) and flagellin from P. syringae 
(Taguchi et al., 2003)). The duration and intensity of the immune signal, and thus the immune 
response, seem to determine whether a HR-PCD occurs. It is possible that a host cell initiates 
HR-PCD only in the event that the cumulative effect of the defense-responses in a host cell 
exceeds a yet unknown threshold (Mullineaux and Baker, 2010). Prolonged and amplified 
defense-responses that are normally associated with effector-triggered immunity could 
surpass such a threshold and set off HR-PCD in the infection site. Rather than preventing 
pathogen ingress, the HR-PCD could be a containment strategy for the plant to prevent a run-
away ‘inflammatory’ response around pathogen infection sites. In this model, NSI-1 effectors 
may not specifically suppress HR-PCD, but rather reduce the activation of the host’s immune 
response so much that the threshold beyond which the HR-PCD is set off is not reached.  
There are several combinations of resistance proteins and pathogen elicitors inducing 
an HR-PCD that is not suppressed by NSI-1 effectors (i.e. R3a/Avr3a, Rx1/Cp106, and INF1; 
data not shown). One possible explanation for this lack of suppression of HR-PCD is that the 
virulence targets of the NSI-1 members are situated upstream of the convergence point of 
major immune signaling pathways. NSI-1 insensitive resistance proteins may therefore bypass 
the target of NSI-1 effectors. However, some of the resistance proteins that differ in their 
responses to NSI-1 effectors are so similar that they most likely use the same immune 
signaling pathways. For instance, Rx1 and Gpa2 are encoded by highly similar paralogues 
from the same resistance gene cluster in potato. The NSI-1 effectors suppress HR-PCD 
induced by Gpa2, but not by Rx1. This disparity may be caused by quantitative differences in 
the activation of the same immune signaling pathways between resistance proteins. Elicitor-
activated Rx1, for instance, may provoke a faster and more amplified signal along the same 
signaling cascades as Gpa2. Additionally, stronger and faster HR-PCD triggered by Rx1 in 
comparison to response initiated by Gpa2 may have something to do with differences in 
transcript and protein levels of these two protein in plant cells. While for Rx1-mediated 
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resistance no de novo protein synthesis is needed (Kohm et al., 1993), it was suggested that de 
novo synthesis of Gpa2 is locally induced upon the perception of nematode factor 
(Koropacka, 2010). NSI-1 effectors may suppress the immune signaling pathway that is 
activated by both Rx1 and Gpa2, but in the case of Rx1 the suppression by NSI-1 effectors is 
not sufficient to prevent host cells passing the threshold that leads to the initiation of HR-
PCD. In conclusion, the diversity in suppression of HR-PCD by individual members of the 
NSI-1 effector family may (partly) reflect quantitative differences in suppression of plant 
defense-responses rather than differences in adaptations to specific plant resistance genes.       
Effectors suppressing host innate immunity to the extent that HR-PCD no longer 
occurs have been found in bacterial, fungal, and oomycete pathogens of plants. For instance, 
most of the type-III effectors of P. syringae suppress HR-PCD induced by bacteria carrying 
the effector HopA1 (Guo et al., 2009). To date only one fungal effector has been found to 
suppress an HR-PCD in plant cells, which is artificially induced by the BAX protein of mice 
(Li et al., 2009). At least one of the IpiO effector variants from the oomycete P. infestans is 
also able to suppress potato resistance gene RB-dependent HR-PCD triggered by another IpiO 
variant (Halterman et al., 2010). Furthermore, the Phytophtora sojae effector Avr1b is even 
able to suppresses cell death in yeast (Dou et al., 2008). Recently, a more broad-spectrum 
HR-PCD suppressor was identified from P. infestans. This effector (SNE1) was able to 
suppress necrosis induced by Nep1-like proteins and the HR-PCD induced by a range of 
resistance proteins in N. benthamiana and tomato (Kelley et al., 2010). Altogether, there is 
much evidence in the literature that biothrophic and hemibiothrophic plant pathogens use 
suppressors of plant innate immunity to protect their infection sites and to promote their 
virulence. The data presented in this thesis shows that biotrophic plant-parasitic nematodes 
also modulate the innate immunity of their host plants to protect their feeding structures, 
which are essential for the survival and reproduction of the nematodes.  
 
The evolution of the NSI-1 effector gene family in PCN 
The NSI-1 gene family in PCN includes at least as many as 26 different variants. Our analysis 
of the NSI-1 gene family using PAML shows that its members are under strong diversifying 
selection, suggesting that the accumulation of non-synonymous mutations at specific sites in 
the NSI-1 proteins favors the fitness of the nematodes (Chapter 5). In theory, there are two 
evolutionary scenarios in which diversifying selection of pathogen effectors could be 
beneficial. First, the virulence targets of the NSI-1 effectors in host plants may in fact be 
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moving targets, as the plant tries to avoid suppression of its immune system by diversifying 
selection in its immune signaling components. In this scenario the diversifying selection in 
the plants is matched by the rapid evolution of new NSI-1 effectors variants by gene 
duplication and diversifying selection. In the second scenario the host plants of potato cyst 
nematodes have evolved resistance proteins recognizing NSI-1 as avirulence factors. In this 
latter scenario, diversifying selection in the NSI-1 effectors could help to avoid detection by 
specific resistance proteins.  
In order to keep up with rapidly changing pathogen effectors, plants have developed 
various evolutionary mechanisms to accelerate the diversification of resistance genes, 
including unequal crossing over and gene conversion. Regardless of the mechanism by which 
diversity is generated, the co-evolution between genomes of pathogens and plants is believed 
to have two possible outcomes. The first outcome is thought to occur when balancing 
selection leads to long-lived resistance genes and avirulence gene variants. In this state, which 
is referred to as ‘trench warfare’, high allelic diversity both at the resistance and avirulence 
gene loci is maintained as stable polymorphisms in gene pools of the plant and the pathogen 
(Stahl et al., 1999). The second possible outcome of co-evolution between plants and 
pathogens is thought to be the result of so-called selective sweeps leading to short-lived 
alleles and rapid replacement of old resistance genes in plants and thereby also avirulence 
genes in pathogens. This latter type of co-evolution is referred to as a ‘molecular arms race’ 
(Bergelson et al., 2001). In nature, however, the two states are not mutually exclusive, nor are 
they absolute. For instance, analysis of a set of 27 NB-ARC-LRR genes isolated from 96 
Arabidopsis accessions suggests that there is a continuum of possible states in the co-
evolution of plants and pathogens, in between ‘trench warfare’ and an ‘arms race’ (Bakker et 
al., 2006b). The genetic diversity found in NSI-1 effector family may thus partly reflect a 
‘trench warfare’ state, in which many effector variants are maintained as a balanced 
polymorphism in a natural nematode population. But, given that NSI-1 effectors are also able 
to suppress nematode resistance provided through Gpa2, the accumulation of NSI-1 effectors 
in nematode genomes may also reflect a molecular arms race.    
Positive selection and huge expansion has also been shown for the SPRYSEC effector 
gene family in G. pallida (Jones et al., 2009; Sacco et al., 2009). Altogether ten SPRYSEC 
effector variants named RBP-1’s were cloned from virulent and avirulent populations of G. 
pallida, and some of these variants elicit a Gpa2-dependent resistance response (Koropacka, 
2010). The Gpa2 nematode resistance gene belongs to the Rx1 gene cluster and previously it 
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was shown that Rx1 is ancient resistance gene with a long lifespan, which suggests that trench 
warfare dynamics are acting on this resistance gene cluster in Solanum (Butterbach, 2007). It 
is therefore likely that the SPRYSEC effector gene family in potato cyst nematodes has 
followed the same evolution trajectory as that of the Gpa2 gene and other Rx1 homologs. 
The NSI-1 effectors were originally identified as a polymorphism between two lines 
of G. rostochiensis that only differentiate in their virulence on potato genotypes with the 
nematode resistance gene H1 (Chapter 5). Unfortunately, the H1 gene has not yet been 
cloned, and we therefore cannot test whether one or more of the NSI-1 variants are indeed 
recognised by the H1 resistance protein, or a combination of the candidate resistance proteins 
from the H1 locus. In a preliminary effector screen with several NSI-1 effectors variants on a 
small collection of wild potato species suggests that some of the NSI-1 variants have 
avirulence activity (data not shown). It remains to be determined if these wild potato species 
are resistant to G. rostochiensis, and if they harbor homologs of H1.  
 
Perspectives 
Breeding of durable nematode resistance in potato is likely to accelerate in the coming years 
because of two key developments. The first development is the completion of genome 
sequences of both potato and potato cyst nematodes. The Solanum genome sequence has 
already proven to be extremely useful for the identification of resistance gene homologs. The 
sequences of these resistance gene homologs will be converted into specific markers for 
conventional marker-assisted breeding. This will speed up the selection of nematode 
resistance genes in breeding material. The genome of G. pallida is expected to be complete in 
the summer of 2011 and the genome of G. rostochiensis will follow shortly. These nematode 
genomes will reveal effector gene families, some of which have been overlooked to date. The 
sequences of these effector gene families will be converted into ‘markers’ for effector 
screening of elite breeding material, and for the exploration of collections of accessions of 
wild potato species. Again, this will speed up the breeding of nematode resistance in potato.  
The second key development that may change nematode resistance breeding is the insight 
from this thesis that potato cyst nematodes are able to suppress major nematode resistance 
genes. This insight constitutes an additional variable in the breeding equation for the breeders. 
More specifically, whether or not potato is resistant to potato cyst nematodes is likely 
determined by at least three important variables. The first variable is whether or not a potato 
genotype harbors effective nematode resistance genes. The second variable is whether or not 
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most of the individuals in field populations of potato cyst nematodes carry the avirulence 
genes that match the resistance genes that are used by potato breeders. And, finally, the newly 
identified variable is whether or not field populations of potato cyst nematodes lack specific 
suppressors (such as NSI-1) of the resistance genes that are in the portfolio of potato breeders. 
Specific suppressors of nematode resistance genes could render potato cultivars susceptible, 
despite a match between resistance genes in the plant and avirulence genes in the nematodes. 
Use of these resistance genes may then lead to the selection of virulent phenotypes carrying 
matching suppressors in the field and to the emergence of new virulent populations. Further 
research is required to investigate the importance of nematode suppressors of immunity for 
the agronomic lifespan of nematode resistance genes. To date, nematode suppressors of innate 
immunity have not been taken into account in the breeding of nematode resistances, but this 
may prove to have been a costly omission. 
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Chapter 4: 
Table S1. Transposon related sequences identified at H1 locus in resistant haplotype SH0  
Element 
In 
contig Direction 
From 
(bp) To (bp) 
Similarity 
(%) Class  
RAM14_I_MT  SH5  Complementary  4501 4547 81.25 LTR/Gypsy  
HELITRON7_OS   Complementary  4684 4759 78.26 DNA/Helitron  
POTTEN2   Complementary  5856 5978 68.55 DNA  
Copia43-PTR_I   Direct  6060 6102 85.71 LTR/Copia  
EnSpm-3_HV   Complementary  6871 7096 71.13 DNA/EnSpm  
COPMET_I   Direct  9798 10127 70.94 LTR/Copia  
TORTL1   Direct  12386 12715 74.46 -continued- 
TS   Complementary  13325 13425 77 NonLTR/SINE  
MUDRAVI1   Direct  18048 18137 72.53 DNA/MuDR  
GYPSY2-LTR_MT   Direct  18186 18347 77.4 LTR/Gypsy  
ATREPX1   Direct  18435 18585 73.24 DNA  
hAT-2_SD   Complementary  18645 18992 72.8 DNA/hAT  
ATCOPIA80_I   Direct  21858 21935 81.25 LTR/Copia  
CRMA1_I   Direct  22232 22292 74.19 LTR/Gypsy  
VLINE1_VV   Complementary  23854 23934 76.19 NonLTR/L1  
ATCOPIA80_I   Direct  27020 27097 81.01 LTR/Copia  
CRMA1_I   Direct  27391 27451 75.81 LTR/Gypsy  
Copia19-VV_I   Direct  28494 28570 70.13 LTR/Copia  
SHACOP19_I_MT   Direct  28853 29094 71.67 -continued- 
Copia-104_SB-I   Direct  29299 30041 68.31 -continued- 
Copia35-ZM_I   Direct  30462 31807 66.64 -continued- 
RAM14_I_MT   Complementary  34730 34797 80 LTR/Gypsy  
TS2    Direct  35518 35871 69.55 NonLTR/SINE  
TLP2  SH4  Direct  157 457 87.42 DNA  
SZ-22_LTR   Complementary  2029 2100 70.83 LTR/Gypsy  
POTTEN2   Direct  3910 4021 68.42 DNA  
TDC1   Complementary  5533 5711 71.35 DNA/EnSpm  
TIP100   Direct  6315 6461 73.47 DNA/hAT  
GYPSODE1_LTR   Complementary  6606 6733 73.02 LTR/Gypsy  
GYPSODE1_LTR   Complementary  6744 6925 70.65 -continued- 
GYPSODE1_LTR   Complementary  6926 7032 73.15 -continued- 
GYPSODE1_LTR   Complementary  7067 7209 69.66 -continued- 
GYPSODE1_LTR   Complementary  7233 7367 74.45 -continued- 
GYPSODE1_LTR   Complementary  7369 7598 69.13 -continued- 
GYPSODE1_LTR   Complementary  7614 7711 69.39 -continued- 
ATMUN1   Complementary  9587 9735 73.65 DNA/MuDR  
NIKITA_HV_LTR   Complementary  11131 11174 84.09 LTR  
EnSpm-1_HV   Complementary  11246 11379 73.13 DNA/EnSpm  
ATREP17   Direct  11451 11496 85.42 DNA  
NIKITA_HV_LTR   Direct  14366 14421 80.7 LTR  
Gypsy18-VV_I   Complementary  14807 14862 75.44 LTR/Gypsy  
GYPOT1_I   Complementary  15008 17680 69.21 -continued- 
GYPSODE1_I   Complementary  17864 17949 68.6 -continued- 
Gypsy-25_SB-I   Complementary  18825 18906 68.29 -continued- 
DEL_LH   Complementary  19578 19627 80.39 -continued- 
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CRMA1_I   Direct  21610 21659 74 -continued- 
GYPSOR1_I   Direct  21726 21755 90 -continued- 
HELMET2   Direct  22606 22724 70.97 DNA/Helitron  
Gypsy-107_SB-LTR  Complementary  24295 24349 83.02 LTR/Gypsy  
TS2   Complementary  24687 24783 73.4 NonLTR/SINE  
Copia16-VV_LTR   Complementary  24904 25026 76.11 LTR/Copia  
RAM13_I_MT   Direct  27043 27089 82.98 -continued- 
HATSOD1   Complementary  27420 27885 97.22 DNA/hAT  
HATSOD1   Complementary  27886 28335 96.42 -continued- 
MuDR-18_VV   Direct  29016 29065 78.43 DNA/MuDR  
TLP2   Complementary  29798 29897 76.24 DNA  
LATIDU2_TM_I   Complementary  30658 30764 80.81 LTR/Gypsy  
RAM14_I_MT   Complementary  31599 31666 78.57 -continued- 
TS2   Direct  32382 32731 70.62 NonLTR/SINE  
SONATA3   Direct  33596 33827 71.43 DNA  
MtPH-A6-3-Ia   Complementary  34308 34426 69.09 DNA/Harbinger  
TS   Complementary  38231 38267 84.21 NonLTR/SINE  
TS2   Complementary  38472 38594 71.31 -continued- 
Gypsy-71-LTR_ZM  Direct  40901 40990 75.82 LTR/Gypsy  
SEVERIN-2   Complementary  42611 42713 78.43 DNA/Helitron  
TLP2   Complementary  42929 43058 85.61 DNA  
TS2   Complementary  46238 46462 72.81 NonLTR/SINE  
VANDAL4   Direct  46624 46690 78.12 DNA/MuDR  
HATSOD1   Direct  47133 47312 72.41 DNA/hAT  
ATHILA4_LTR   Direct  47919 48035 73.45 LTR/Gypsy  
HATSOD1    Direct  48441 48688 74 DNA/hAT  
HATSOD1  SH3  Direct  15 1948 77.23 -continued- 
Copia47-PTR_I   Direct  2196 3424 77.08 LTR/Copia  
Gypsy16-ZM_I   Direct  3937 4010 76.39 LTR/Gypsy  
SONATA2   Direct  4672 4923 82.03 DNA  
TS2    Direct  6589 6622 85.29 NonLTR/SINE  
TS2  202_11  Direct  729 1082 68.47 -continued- 
TLP2   Direct  1955 2247 85.32 DNA  
SONATA3    Direct  2258 2456 71.21 DNA  
ATCOPIA57LTR  202_10  Complementary  842 934 76.67 LTR/Copia  
CRMA1_I   Direct  972 1025 74.55 LTR/Gypsy  
hAT-10_VV   Complementary  2165 2269 78 DNA/hAT  
HELITRON1N_MT   Complementary  5537 5598 81.67 DNA/Helitron  
Copia15-ZM_I   Direct  7117 7194 73.75 LTR/Copia  
HELMET2   Direct  8824 8930 76.6 DNA/Helitron  
POTTEN2   Direct  8943 9078 71.74 DNA  
POTTEN2    Complementary  9266 9324 74.58 -continued- 
TLP2  202_9  Direct  937 1081 73.76 -continued- 
TORTL1  202_6  Direct  2000 2330 72.67 LTR/Copia  
Harbinger-3_VV   Complementary  4224 4252 93.1 DNA/Harbinger  
VANDAL18   Direct  4273 4353 71.76 DNA/MuDR  
NIKITA_HV_LTR   Direct  4755 4810 76.79 LTR  
POTTEN2   Complementary  5972 6082 69.03 DNA  
Gypsy19-VV_I    Direct  6853 6914 74.19 LTR/Gypsy  
TS  202_5  Complementary  1756 1850 75.53 NonLTR/SINE  
Copia16-VV_LTR   Complementary  1980 2116 73.08 LTR/Copia  
TLP2    Direct  3404 3548 73.76 DNA  
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ATCOPIA80_I  202_3  Complementary  79 130 84 LTR/Copia  
GYPSODE1_I   Direct  1992 2122 73.77 LTR/Gypsy  
GYCUME1_I   Direct  2580 2732 64.71 -continued- 
MUMT   Direct  2759 2791 88.24 DNA/MuDR  
GYPOT1_I   Direct  3594 3655 75.81 LTR/Gypsy  
GYPOT1_I   Direct  3866 6756 69.56 LTR/Gypsy  
NIKITA_HV_LTR   Complementary  7143 7199 78.95 LTR  
ATCOPIA80_I    Complementary  7505 7556 84 LTR/Copia  
VANDAL12  202_2  Complementary  1079 1168 75.28 DNA/MuDR  
RAM14_I_MT   Complementary  1405 1472 80 LTR/Gypsy  
GYPSY2-LTR_MT    Complementary  1483 1630 71.53 -continued- 
GYPSY3-I_MT  SH2  Direct  1599 1772 68.54 LTR/Gypsy  
SHAGY_I_MT   Direct  4535 4734 64.22 -continued- 
SZ-4_I   Direct  6417 6455 89.47 -continued- 
TS2   Direct  8062 8095 85.29 NonLTR/SINE  
TS   Complementary  11498 11598 75 -continued- 
TLP2   Complementary  12829 12946 80.34 DNA  
RAM14_I_MT   Complementary  14316 14383 80 LTR/Gypsy  
OSTE7   Direct  14818 14897 78.67 DNA  
TS2   Direct  15065 15421 69.19 NonLTR/SINE  
SONATA3   Direct  16278 16508 71.88 DNA  
SZ-19LTR   Direct  16700 16740 85.37 LTR  
ATLINE1_5   Direct  20106 20165 77.42 NonLTR/L1  
TS2   Complementary  21158 21314 72.11 NonLTR/SINE  
POTTEN2   Direct  22501 22606 74.31 DNA  
POTTEN2   Complementary  22776 22906 68.89 -continued- 
MUDRAVI2   Complementary  22926 22990 78.46 DNA/MuDR  
Ogre-LE1_LTR   Complementary  24991 25072 80.49 LTR/Gypsy  
ENSPM_MT   Complementary  25147 25265 70 DNA/EnSpm  
GYPSY2-LTR_MT   Complementary  25808 25980 74.71 LTR/Gypsy  
MuDR-13_VV   Complementary  26865 27024 73.2 DNA/MuDR  
Copia25-ZM_I   Complementary  28871 28925 80 LTR/Copia  
Ogre-LE1_I   Complementary  29302 29347 89.13 LTR/Gypsy  
Ogre-LE1_I   Complementary  29412 29550 73.24 -continued- 
MuDR-9_VV   Direct  29955 30006 81.48 DNA/MuDR  
RETROSAT5_LTR  Complementary  30503 30689 72.35 LTR/Gypsy  
Ogre-SD1_I   Complementary  31296 31420 77.31 -continued- 
Ogre-SD1_I   Complementary  31437 31498 78.46 -continued- 
VIHAT1   Complementary  32044 32164 75 DNA/hAT  
Ogre-PT3_I   Complementary  32868 33049 70.29 LTR/Gypsy  
Ogre-LE1_LTR   Complementary  33216 33297 80.49 -continued- 
ENSPM_MT   Complementary  33372 33490 70 DNA/EnSpm  
GYPSY2-LTR_MT   Complementary  34033 34205 74.71 LTR/Gypsy  
MuDR-13_VV   Complementary  35090 35249 73.2 DNA/MuDR  
NIKITA_HV_LTR   Complementary  35373 35416 81.82 LTR  
POTTEN2   Direct  38663 38774 66.67 DNA  
SHALINE9_MT   Direct  39003 39104 76.29 NonLTR/L1  
SPMLIKE   Complementary  42617 42699 78.41 DNA/EnSpm  
HATSOD1   Direct  42863 43083 81.17 DNA/hAT  
HELITRONY3   Direct  43164 43210 84.78 DNA/Helitron  
ATREP3   Complementary  44031 44111 75.32 -continued- 
HATSOD1   Direct  44610 44846 78.99 DNA/hAT  
SUPPLEMENTARY DATA 
 159 
TLP2   Complementary  45027 45139 79.46 DNA  
Copia43-PTR_I   Complementary  45818 45972 71.79 LTR/Copia  
Gypsy7-VV_I   Direct  46131 46218 78.31 LTR/Gypsy  
SHATAG_MT   Direct  46398 46442 82.61 DNA/hAT  
MUDRAVI2   Direct  47891 48048 76.62 DNA/MuDR  
ATREP5   Complementary  48439 48597 74.69 DNA/Helitron  
ENSPM2_VV   Direct  49001 49314 72.47 DNA/EnSpm  
HELITRONY1D   Complementary  49796 49926 74.64 DNA/Helitron  
TS2   Direct  51394 51507 71.93 NonLTR/SINE  
TLP2   Direct  52379 52648 84.81 DNA  
POTTEN2   Direct  58780 58889 73.39 -continued- 
ATGP8I   Complementary  58972 59093 73.21 LTR/Gypsy  
Ogre-SD1_LTR   Direct  59306 59335 93.33 -continued- 
POTTEN2   Complementary  59354 59464 71.05 DNA  
Copia5-VV_I   Direct  59605 59646 83.72 LTR/Copia  
TLP1   Complementary  63889 64190 89.08 DNA  
TS   Complementary  64455 64552 79.59 NonLTR/SINE  
ATREP11   Direct  64922 64980 82.76 DNA/Helitron  
TLP2   Direct  65339 65468 83.21 DNA  
DT1   Direct  66162 66323 74.19 DNA/Mariner  
METMAR1   Complementary  66369 66491 72.36 -continued- 
TAG3N1   Complementary  66664 66763 77.78 DNA/hAT  
ATMU2   Complementary  66878 66919 81.4 DNA/MuDR  
SHALINE18_MT   Complementary  67015 67143 73.88 NonLTR/L1  
SONATA1   Complementary  68025 68268 89.34 DNA  
ATDNA2T9C   Complementary  68611 68803 74.46 DNA/MuDR  
SLIDE   Complementary  68916 68999 75.86 DNA/hAT  
TS2   Direct  69693 70045 69.75 NonLTR/SINE  
TLP2   Direct  70940 71202 85.88 DNA  
SONATA3   Direct  71221 71364 73.72 -continued- 
SONATA2   Direct  71376 71431 78.95 -continued- 
Copia41-PTR_I   Direct  72612 73312 73.54 LTR/Copia  
Copia41-PTR_I   Direct  73366 76720 74.18 -continued- 
TS2   Direct  78372 78410 84.62 NonLTR/SINE  
TLP2   Complementary  81839 81950 75.23 DNA  
RTE1_MT   Direct  83304 85627 65.44 NonLTR/RTE  
TS2   Direct  85632 86063 87.34 NonLTR/SINE  
TLP2   Direct  86572 86873 87.75 DNA  
SONATA3   Direct  86915 87082 71.25 -continued- 
TABARE   Complementary  91772 91889 71.54 ERV  
HELITRON1   Direct  92293 92360 74.29 DNA/Helitron  
POTTEN2   Direct  92677 92781 73.15 DNA  
POTTEN2   Complementary  92953 93088 69.57 -continued- 
MUDRAVI2   Complementary  93117 93221 79.38 DNA/MuDR  
hAT-10N1_VV   Direct  95203 95308 75.73 DNA/hAT  
EnSpm2_TM   Complementary  95430 95518 75.58 DNA/EnSpm  
EnSpm-13_VV   Complementary  95668 95758 73.33 -continued- 
HELITRON1MT   Complementary  97002 97131 76 DNA/Helitron  
MuDR1_HV   Complementary  97710 97817 70.37 DNA/MuDR  
POTTEN2   Direct  99829 99937 73.21 DNA  
EnSpm-6_VV   Direct  101195 101262 80.3 DNA/EnSpm  
HELITRONY1C   Direct  101436 101525 74.73 DNA/Helitron  
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EnSpm-N1_TA   Direct  103377 103442 73.53 DNA/EnSpm  
EnSpm1_HV    Direct  106396 106503 74.53 -continued- 
CRMA1_I  SH1  Complementary  520 569 74 LTR/Gypsy  
LATIDU2_TM_I   Complementary  3696 3753 75.44 -continued- 
ATLINE1_5   Direct  7473 7532 77.42 NonLTR/L1  
TS2   Complementary  8573 8758 69.54 NonLTR/SINE  
Gypsy68-ZM_LTR   Complementary  8806 8924 73.33 LTR/Gypsy  
HINDIII_VF   Direct  9791 9868 77.78 InterspRepeat  
STOWAWAY51_OS  Complementary  9908 9946 82.05 DNA  
ENSPM_MT   Direct  10737 10821 78.41 DNA/EnSpm  
TLP2   Complementary  11042 11186 85.71 DNA  
TS2   Direct  11994 12226 68.88 NonLTR/SINE  
TS   Direct  12505 12555 82.35 -continued- 
TOPSCOTCH_LP_I  Direct  14101 14600 67.79 LTR/Copia  
TOPSCOTCH_LP_I  Direct  15295 16377 68.01 -continued- 
TOPSCOTCH_LP_I  Direct  16791 18353 68.15 -continued- 
EnSpm-6_VV   Complementary  22138 22291 76.51 DNA/EnSpm  
HELITRONY3A   Complementary  23967 24036 79.73 DNA/Helitron  
IBGYPSY1_LTR   Direct  24513 24621 71.03 LTR/Gypsy  
ATCOPIA68_I   Direct  25371 25431 81.36 LTR/Copia  
TS2   Complementary  26108 26162 76.79 NonLTR/SINE  
TAG1   Direct  26629 26709 75.95 DNA/hAT  
SINE_SO   Complementary  27270 27434 73.42 NonLTR/SINE  
EnSpm3_TM   Direct  28016 28055 86.84 DNA/EnSpm  
SONATA3   Complementary  30728 30865 76.92 DNA  
TS2   Complementary  31743 32098 68.45 NonLTR/SINE  
Gypsy1-SB_I   Complementary  32286 32344 77.97 LTR/Gypsy  
TLP2   Complementary  33276 33399 82.68 DNA  
HELMET2   Direct  34052 34196 73.65 DNA/Helitron  
TONT1_LE_LTR   Complementary  35295 35830 75.09 LTR  
POPCOP1_LTR   Complementary  35842 35936 73.74 LTR/Copia  
TONT1_LE_I   Complementary  35967 38194 80.31 LTR  
TONT1_LE_I   Complementary  38206 39075 74.08 -continued- 
TONT1_LE_I   Complementary  39084 39233 66.89 -continued- 
RAM13_I_MT   Complementary  40055 40133 75.64 LTR/Copia  
Gypsy7-PTR_I   Complementary  40631 40705 75.34 LTR/Gypsy  
TONT1_LE_LTR   Complementary  40713 41267 75.89 LTR  
POPCOP1_LTR   Complementary  41298 41373 73.42 LTR/Copia  
TS   Complementary  41988 42082 79.79 NonLTR/SINE  
Copia16-VV_LTR   Complementary  42212 42348 73.08 LTR/Copia  
ATREP20   Direct  43735 43932 73.71 DNA/Helitron  
HATSOD1   Direct  45068 45304 81.51 DNA/hAT  
Ogre-LE1_LTR   Direct  45781 45930 71.74 LTR/Gypsy  
Ogre-VP1_LTR   Direct  46006 46125 72.81 LTR/Gypsy  
TLP1   Direct  46441 46610 75 DNA  
RAM14_I_MT   Complementary  47862 47929 81.43 LTR/Gypsy  
TS2   Direct  49116 49336 71.56 NonLTR/SINE  
SONATA3   Direct  50192 50412 73.71 DNA  
RAS1_MT   Complementary  50564 50709 73.76 DNA/MuDR  
SETARIA1   Direct  51368 51411 81.82 DNA  
TS2   Complementary  56022 56202 69.82 NonLTR/SINE  
Gypsy68-ZM_LTR   Complementary  56255 56373 74.17 LTR/Gypsy  
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STOWAWAY51_OS  Complementary  57350 57388 82.05 DNA  
TLP2   Complementary  58484 58628 86.39 DNA  
ATREPX1   Complementary  59370 59480 75.49 DNA  
MuDR3_OS   Direct  59503 59586 74.12 DNA/MuDR  
MUDRAVI1   Complementary  59778 59867 74.73 -continued- 
SONATA2   Direct  60122 60237 76.03 DNA  
LATIDU2_TM_I   Complementary  60847 60946 73.47 LTR/Gypsy  
TS2   Direct  61368 61602 69.42 NonLTR/SINE  
TS2   Direct  61864 61942 80 NonLTR/SINE  
GYPSODE1_LTR   Direct  62487 62555 77.14 LTR/Gypsy  
Gypsy18-PTR_LTR  Direct  63008 63062 76.36 -continued- 
ENSPM3_OS   Direct  64033 64379 71.03 DNA/EnSpm  
ENSPM2_MT   Direct  66508 66586 72.84 -continued- 
MUDRAVI2   Complementary  71775 71953 75.15 DNA/MuDR  
HELITRONY2   Complementary  72148 72268 75.23 DNA/Helitron  
COP2_I_MT   Direct  72463 72511 89.8 LTR/Copia  
Copia5-VV_I   Complementary  73063 73104 83.72 -continued- 
POTTEN2   Direct  73249 73391 68.49 DNA  
SONATA2   Complementary  74053 74161 75.22 -continued- 
AT9TSD1   Direct  74810 74899 72.62 DNA/MuDR  
EnSpm-N1_AT   Complementary  77456 77625 73.6 DNA/EnSpm  
MUDRAVI1   Direct  78078 78167 72.53 DNA/MuDR  
MuDR-12_VV   Direct  78189 78292 75.76 -continued- 
MuDR3_OS   Complementary  78359 78442 74.12 -continued- 
MUDRAVI2   Complementary  78617 78950 74.44 -continued- 
Ogre-SD1_LTR   Direct  79207 79360 74.83 LTR/Gypsy  
VANDAL1N1   Complementary  79734 79815 78.57 DNA/MuDR  
ATLINE1_5   Complementary  80895 80954 75.81 NonLTR/L1  
TS   Complementary  82386 82483 74.49 NonLTR/SINE  
TLP2   Direct  83280 83411 81.82 DNA  
SLIDE   Complementary  83736 83825 74.73 DNA/hAT  
TTO1_NT_I   Complementary  84413 84484 76.12 LTR/Copia  
SONATA3   Direct  85231 85462 72.2 DNA  
RAS1_MT   Complementary  85614 85760 72.86 DNA/MuDR  
HELMET2    Complementary  85788 85868 74.39 DNA/Helitron  
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Chapter 5: 
Supplementary Figure 1. Gene structure and sequence variation in Gr1106 variants. (A) Gene structure of 
Gr1106 variants, where colored boxes correspond to predicted exons with an exon nucleotide length for different 
variants indicated in the box; lines correspond to introns and 5’ and 3’ UTRs with an intron nucleotide length for 
different variants indicated above each line  (B). A protein sequence alignment of a subset of GR1106 variants 
used further in the functional assays described in this paper. Boxed by a dashed line is the signal peptide for 
secretion. Boxed by a blue line is the lysine-rich domain, while the red-lined box indicates the acidic domain in 
the protein. (C) Prediction of secondary structure of GR1106 proteins using SOPMA (Geourjon and Deleage, 
1995): upper panel shows the percentage of each secondary element and the graphic visualization of the 
prediction. 
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Supplementary Table 1. ESTs from J2 parasitic stage of G. rostochiensis with predicted 
signal peptide (SP) for secretion. Presence of SP was predicted using SignalP prediction tool 
(with a probability cut-off value 0.94) and absence of transmembrane domain was verified using 
TMHMM prediction tool and PHOBIUS. For each EST the best hits resulting from BLASTN 
and BLASTP search against respectively est and nr database at NCBI are shown. 
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rostochiensis J2 pcDNAII Smant v1 
Globodera  
0 741 ref|NP_492344.2|  FMRF-Like 
Peptide family member (flp-22) 
[Caenorhabditis elegans] 
5.00
E-06 
54.3 
241 639 114 1 17 0   gb|CK350026.1|  hggfha21C08 Gland 
Cell LD PCR cDNA Library Heterodera 
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5.00E
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390 ref|XP_003110380.1|  hypothetical 
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5.00E
-179 
636 no     
1177 455 108 0.995 25/53 0   gb|GO250494.1|  Gpa-EST-P1-12-
02___E11_044 Parasitic stage 
nematodes 7 days post 
4.00E
-139 
503 no     
47h05 521 124 0.995 25 0   no     ref|YP_003890165.1|  CRISPR-
associated protein [Cyanothece sp. 
PCC 7822] 
1.9 35.8 
424 596 110 0.994 24/26 0   no     low     
38e12 511 151 0.994 27 1 no gb|CV578049.1|  kf34a10.y1 Globodera 
pallida Pa2 female Globodera pallida 
cDNA 
7.00E
-48 
200 no     
95 612 149 0.993 27 2 no gb|GO251385.1|  
Gpa_EST_P1_11_02_B04_B04_015 
Parasitic stage nematodes 7 days  
0 678 ref|XP_003099198.1|  hypothetical 
protein CRE_28832 [Caenorhabditis 
remanei 
1.00
E-08 
63.2 
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819 454 91 0.992 23 1 no no     low     
559 604 185 0.99 17 0   gb|BM354914.1|  rr18e04.y1 Globodera 
rostochiensis J2 pcDNAII Smant v1 
Globodera rostochiensis cDNA 5' similar 
to SW:YQ5B_CAEEL Q09254 
HYPOTHETICAL 15.4 KD PROTEIN 
C16C10.11 IN CHROMOSOME III. [1];, 
mRNA sequence.;, mRNA sequence. 
0 998 low (ref|XP_003190368.1|  ABC 
multidrug transporter [Aspergillus 
oryzae RIB40]) 
3.4 35.4 
14 233 55 0.981 25 0   no     no     
1005 598 128 0.981 21 0   no     low     
37f01 532 143 0.981 20 0   gb|BM415731.1|  OP20812 Mixed Stage 
EST's from Globodera pallida, the potato 
0 760 ref|XP_002804745.1|  PREDICTED: 
hypothetical protein LOC100430062 
[Macaca mulatta] 
8.00
E-06 
53.5 
56h05 490 91 0.98 19 0   gb|BM345327.1|  rr54c04.y1 Globodera 
rostochiensis J2 pcDNAII Smant v1 
Globodera 
3.00E
-131 
477 ref|XP_001901375.1|  hypothetical 
protein Bm1_49545 [Brugia malayi] 
4.00
E-09 
64.7 
1056 354 61 0.979 27 1 no gb|GO252023.1|  Gpa_EST_P1_14-
01M13F_G07_G07_026 Parasitic stage 
nematodes 7  
2.00E
-137 
497 low     
44a03 357 84 0.977 18 1 no gb|BM345864.1|  rr09a09.y1 Globodera 
rostochiensis J2 pcDNAII Smant v1 
Globodera  
7.00E
-131 
475 low     
626 726 185 0.975 20 0   >gb|BM343736.1|  rr42d01.y1 Globodera 
rostochiensis J2 pcDNAII Smant v1 
Globodera  
0 998 low (ref|ZP_06873515.1|  inositol 
monophosphatase [Bacillus subtilis 
subsp. spizizenii ) 
0.74 37.7 
04c11 214 71 0.969 27 0   gb|GO251080.1|  
Gpa_EST_13_04_M13F___B07_031 
Parasitic stage nematodes 7 days  
1.00E
-82 
315 no     
773 303 60 0.968 27 1 no gb|GO250894.1|  
Gpa_EST_13_02_M13F___B07_031 
Parasitic stage nematodes 7 days  
5.00E
-117 
429 no     
43c03 239 79 0.965 20 0   gb|BM344550.1|  rr56b12.y1 Globodera 
rostochiensis J2 pcDNAII Smant v1 
Globodera  
3.00E
-83 
316 ref|YP_001522947.1|  bifunctional 
proline dehydrogenase/pyrroline-5-
carboxylate dehydrogenase 
[Azorhizobium caulinodans ORS 
571] 
0.08 40.4 
61c05 259 58 0.962   0   no     no     
139 557 132 0.958 23 1 no gb|BM416496.1|  OP21591 Mixed Stage 
EST's from Globodera pallida, the potato  
1.00E
-91 
346 no     
62c12 492 125 0.958 12/26 0   gb|BM354942.1|  rr18h05.y1 Globodera 
rostochiensis J2 pcDNAII Smant v1 
Globodera  
0 819 no     
68h06 481 143 0.954 21 1 no gb|BM415731.1|  OP20812 Mixed Stage 
EST's from Globodera pallida, the potato  
1.00E
-169 
604 low     
603 214 53 0.952 25 0   gb|GO252802.1|  Gpa_EST_P1_16_04-
M13F_E01_E01_004 Parasitic stage 
nematodes 7 
4.00E
-57 
230 no     
845 303 79 0.941 16 0   no     no     
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Summary 
 
Sedentary plant parasitic nematodes have evolved sophisticated strategies that allow them to 
transform host cells in the roots of host plants into feeding structures. These complex 
structures enable the nematodes to complete their life cycle inside a single host plant. Feeding 
structure initiation and maintenance are thought to be determined by the concerted action of 
effectors produced by the esophageal glands of the nematodes. However, the molecular 
mechanisms underlying the transformation of host cells into feeding structures and the role of 
the effectors in this process are poorly understood. For example, it is generally thought that 
virulent nematodes also use effectors to protect their complex feeding structures from plant 
innate immune responses. However, nematode effectors suppressing plant innate immunity 
have not been identified to date. 
The host ranges of sedentary plant parasitic nematodes can vary from very wide (e.g. 
root-knot nematodes) to relatively narrow, limited to single plant families (e.g. cyst 
nematodes). Potato cyst nematodes (PCN) are able to parasitize only Solanaceous plants. 
Every year, they cause substantial yield losses in potato production areas. PCN are very 
difficult to control by the use of cultivation methods or the application of pesticides alone. 
The introduction of novel nematode resistant potato cultivars to the market is therefore of 
great importance for potato growers all over the world. Resistances, however, can be 
overcome by the emergence of virulent nematode populations. The aim of this thesis is to 
study incompatible interactions between the potato cyst nematode Globodera rostochiensis 
and potato (Solanum tuberosum), by analyzing resistance loci that make the plant immune to 
potato cyst nematodes as well as nematode effectors that suppress plant innate immunity. 
 This thesis begins with an extensive review of the literature on molecular and cellular 
aspects of plant resistance to sedentary endoparasitic nematodes, including pre-infectional, 
non-host and host resistance (Chapter 2). Most research in this field has focused on host 
resistance to nematodes, which is determined by single (e.g. H1 and Gpa2) or multiple (e.g. 
GpaVSspl and GpaXISspl) resistance gene loci. Host resistance to sedentary plant-parasitic 
nematodes often reveals itself by an arrest in feeding structure development that results from 
a local hypersensitive response in host cells in the infection site. To date, more than fifty 
nematode resistance loci have been identified in eight important food crops. They confer 
complete or partial resistance to one or more nematode species. The nematode resistances are 
often located in the same region as resistances to other plant pathogens, in so-called hot spots 
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for resistance. Two potato cyst nematode resistance loci were studied in this thesis (i.e. Grp1 
in Chapter 3 and H1 in Chapter 4) and the results of these studies are summarized below. 
 The majority of loci conferring resistance to PCN are quantitative trait loci (QTL). One 
example of such a resistance QTL is the Grp1 locus that confers broad-spectrum quantitative 
resistance to the potato cyst nematode species Globodera pallida and G. rostochiensis in 
potato. It was previously mapped to a 3 cM interval on the short arm of potato chromosome V 
between the markers GP21 and GP179 in a hot spot for resistance (Rouppe Van Der Voort et 
al., 1998). The aim of the work described in chapter 3 was to fine map the Grp1 locus. First, a 
diploid mapping population RHAM026, comprising 1536 genotypes was screened with the 
flanking markers GP21 and GP179, resulting in the identification of 61 recombinants in this 
region. Next, thirteen new markers were developed using the genomic sequence information 
available from the same region of Solanum demissum. Together with markers available from 
the literature, these thirteen markers were used to screen a subset of 54 recombinants. Finally, 
these recombinants were tested for resistance to G. pallida Pa2 and G. rostochiensis Ro5. 
This mapping of both resistance specificities resulted in two nearly identical LOD graphs with 
the highest score just north of marker TG432. We conclude that the resistances to both G. 
pallida and G. rostochiensis map to the same 1.08 cM interval between the markers 
SPUD838 and TG432. Other studies have revealed that this locus in potato harbors several 
gene clusters encoding classical NB-ARC-LRR resistance proteins.  This finding led us to the 
hypothesis that the Grp1 resistance depends on one, or perhaps several tightly linked major 
genes.  
Five genes conferring absolute resistance to sedentary plant parasitic nematodes have 
been cloned to date. Four of these major nematode resistance genes belong to the large class 
of intracellular NB-ARC-LRR receptors, while the fifth one encodes an uncommon putative 
extracellular LRR receptor protein. There is not much known about the disease signaling 
pathways downstream of nematode resistance proteins. However, the similarities between 
resistance genes to nematodes and resistance genes to other plant pathogens make it save to 
assume that they do not function in a fundamentally different way. Near-absolute resistance to 
G. rostochiensis pathotypes 1 and 4 is conferred by the H1 resistance locus at the distal end of 
chromosome V of the diploid S. tuberosum ssp. andigena genotype SH83-92-488 (SH). The 
H1 resistance involves a hypersensitive response in the cells surrounding the nematode 
feeding structure, so that it becomes isolated from the vascular tissues in the host. A high-
resolution map of H1 locus was generated previously using SHxRH mapping population 
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(Bakker et al., 2004). In chapter 4, we used markers from this map to screen a BAC library of 
SH. The BAC inserts identified with the markers were used to construct a physical map 
covering this region in the resistant haplotype. Further sequencing of the BAC inserts, 
included in the physical map, revealed a genomic fragment of 341 Kb harboring a large 
cluster of CC-NB-ARC-LRR genes. We compared this cluster of resistance gene homologs 
with the sequences of the corresponding regions in the two susceptible haplotypes from the 
diploid genotype RH89-039-16 (S. tuberosum ssp. tuberosum/ S. phureja), spanning 700 and 
319 Kb respectively. The genomic regions in all three haplotypes harbor from 17 up to 23 
resistance gene homologs interspersed with numerous transposable elements, genes coding 
for extensin-like proteins, and an amino acid transporter. Strikingly, the three haplotypes do 
not reveal gene order conservation and the overall sequence homology is only confined to the 
coding sequences of the resistance gene homologs. These findings suggest that extensive 
rearrangements have shaped the H1 locus. Sequence data and marker information gained from 
this study will benefit future efforts to clone the H1 nematode resistance gene.   
Disease resistance proteins in plants activate downstream signaling pathways when they 
detect the presence of a pathogen. The pathogens usually betray themselves by the 
modifications their effectors bring about in host molecules. So far, there is only one nematode 
effector (i.e. GpRBP1) known that is recognized by a nematode resistance protein. Bacterial 
and fungal pathogens of plants have evolved novel effectors to suppress the activation of 
defense responses mediated by specific resistance proteins. At the start of the research 
described in this thesis no such immune suppressor had been found in plant parasitic 
nematodes. In chapter 5, we report the first identification and functional characterization of a 
G. rostochiensis effector suppressing plant innate immune responses. The Nematode 
Suppressors of Immunity 1 (NSI-1) are specifically expressed in the dorsal esophageal gland 
of the nematodes, and their expression is upregulated in stages that feed on host cells. We 
identified many variants of NSI-1 in the Ro1-Mierenbos field population, and showed that this 
gene family is under diversifying selection. Knocking-down NSI-1 transcription by RNA 
interference strongly reduced the number of nematodes developing into full-grown cysts. 
Overexpression of four NSI-1 variants in susceptible potato plants resulted in enhanced 
susceptibility to nematodes. Moreover, overexpression of three other variants enhanced the 
susceptibility of potato plants to the fungus Verticillium dahliae. Down-regulation of the 
potato homologs of the Arabidopsis thaliana transcription factors WRKY22 and WRKY53 in 
these plants indicated that NSI-1 target immune signaling in plants. In an agroinfiltration 
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assay in leaves of Nicotiana benthamiana several NSI-1 variants suppressed the 
hypersensitive response caused by the co-expression of specific resistance proteins and 
matching pathogen effectors (i.e. RBP-1/Gpa2 and AvrBlb2/Rpi-blb2) and by autoactive 
mutants of the resistance protein Mi-1.2 and an H1 resistance gene homolog RGH10-H1. 
Interestingly, other NSI-1 effector variant suppressed the hypersensitivity response induced 
by an autoactive mutant of the immune signaling protein NRC1. These findings altogether 
lead to the conclusion that potato cyst nematodes secrete suppressors of plant immunity, most 
likely to protect their feeding structures.  
In the final chapter of this thesis, we discuss our most important findings within the 
broader context of recent developments in the field of molecular plant-microbe interactions. 
First, we argue that quantitative nematode resistance Grp1 is encoded by one or more NB-
ARC-LRR genes located in one of the resistance gene clusters mapped to the GP21-GP179 
interval on potato chromosome V. We further examine obstacles and offer possible solutions 
with regard to future cloning of the H1 nematode resistance gene. Lastly, we elaborate on 
possible functions, activities, and evolution of NSI-1 effectors as suppressors of plant innate 
immunity.  
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Samenvatting 
 
Sedentaire plant-parasitaire nematoden veranderen cellen in de wortels van waardplanten in 
speciale voedingsstructuren. Dankzij deze complexe structuren kunnen nematoden zich 
wekenlang van voedsel voorzien zonder zich te verplaatsen. Eiwitten uit de slokdarmklieren 
van de nematoden, zogenaamde effectoren, worden in de wortelcellen uitgescheiden en zijn 
hoogstwaarschijnlijk verantwoordelijk voor de initiatie en het onderhoud van de 
voedingsstructuren. De moleculaire mechanismen die ten grondslag liggen aan de 
transformatie van gastheercellen in voedingstructuren en de rol van de effectoren in dit proces 
is nog niet duidelijk. Omdat de voedingsstructuren zo belangrijk zijn voor de nematoden, 
bestaat het vermoeden dat effectoren een belangrijke rol spelen in het onderdrukken van de 
afweerreacties van de plant. Tot nog toe zijn er echter geen effectoren, die de immuniteit van 
planten onderdrukken, in plant-parasitaire nematoden ontdekt.  
 
 De sedentaire aardappelcysteaaltjes (Globodera rostochiensis en G. pallida) 
parasiteren een kleine groep planten uit de nachtschadefamilie (o.a. tomaat, aubergine, 
aardappel). Elk jaar veroorzaken deze nematoden aanzienlijke opbrengstverliezen in de 
aardappelteelt. De problemen met aardappelcysteaaltjes zijn door de toepassing van 
gewasrotaties, het telen van resistente rassen, en het gebruik van pesticiden in het verleden 
beheersbaar gebleven. Vanwege Europese regelgeving staat momenteel het gebruik van 
pesticiden onder grote druk, waardoor het belang van resistente rassen steeds groter wordt. 
Resistenties in aardappelrassen worden echter bedreigd door de opkomst van virulente, 
resistentie-doorbrekende nematode populaties. Het doel van dit proefschrift is het verkrijgen 
van inzicht in de genetische basis van resistenties tegen de aardappelcysteaaltjes Globodera 
rostochiensis en G. pallida in aardappel (Solanum tuberosum) en het onderdrukken van dit 
soort resistenties door effectoren in de nematoden. 
 
 Dit proefschrift begint met een uitgebreid overzicht van de literatuur over moleculaire 
en cellulaire aspecten van resistenties tegen de sedentaire endoparasitaire nematoden in 
planten, inclusief constitutieve en induceerbare niet-waardplant en waardplant resistenties 
(Hoofdstuk 2). Het meeste onderzoek in dit gebied is gericht op waardplantresistentie, die 
wordt bepaald door enkele (bijvoorbeeld H1 en Gpa2) of meerdere (bijv. GpaVSspl en 
GpaXISspl) resistentiegenen. Waardplantresistentie tegen de sedentaire plant-parasitaire 
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nematoden ontstaat door een overgevoeligheidsreactie in en rondom de voedingsstructuren 
van de nematoden. Tot op heden zijn er meer dan vijftig verschillende nematode resistenties 
geïdentificeerd in acht belangrijke voedingsgewassen. Deze genetische loci coderen voor 
kwantitatieve of kwalitatieve resistentie tegen één of meerdere soorten nematoden. De 
resistenties tegen nematoden liggen vaak in dezelfde regio’s in het genoom als resistenties 
tegen andere pathogenen, in zogenaamde resistentie "hot-spots". In dit proefschrift zijn twee 
resistentie loci in aardappel tegen aardappelcysteaaltjes bestudeerd, het Grp1 locus in 
Hoofdstuk 3 en het H1 locus in Hoofdstuk 4, waarvan de resultaten hieronder kort zijn 
samengevat. 
 
De meeste resistentie loci tegen aardappelcysteaaltjes coderen voor kwantitatieve 
resistenties (QTLs). Een voorbeeld van een dergelijke resistentie is gelegen op het Grp1 locus 
in aardappel, dat een breed-spectrum kwantitatieve resistentie tegen beide soorten 
aardappelcysteaaltjes geeft. De ligging van de Grp1 resistentie was al eerder vastgesteld 
binnen een 3 cM interval op de korte arm van chromosoom V van aardappel tussen de 
markers GP21 en GP179 in een resistentie hot-spot (Rouppe Van Der Voort et al 1998 ). Het 
doel van het werk beschreven in Hoofdstuk 3 was om de resolutie van de genetische kaart van 
het Grp1 locus te verfijnen. Een screening van een diploïde karteringspopulatie RHAM026 
van 1536 genotypen  met de flankerende merkers GP21 en GP179 resulteerde in de 
identificatie van 61 recombinanten in deze regio. Met behulp van dertien nieuwe genetische 
merkers afgeleid van de genoomsequentie van Solanum demissum en afkomstig uit de 
literatuur zijn 44 van deze recombinanten opnieuw gescreend. Bovendien zijn de 
recombinanten getest op de resistentie tegen G. pallida pathotype Pa2 en G. rostochiensis 
pathotype Ro5. Combinatie van de positie van de nieuwe genetische merkers met de twee 
resistentie analyses resulteerde in twee bijna identieke QTLs voor G. pallida en G. 
rostochiensis met de hoogste LOD scores net ten noorden van merker TG432. We 
concluderen dat de resistenties tegen G. pallida en tegen G. rostochiensis zijn gelokaliseerd in 
hetzelfde 1.1 cM interval tussen de markers SPUD838 en TG432. Anderen hadden al eerder 
gevonden dat dit locus in aardappel verschillende genclusters met klassieke NB-ARC-LRR 
resistentie-eiwitten bevat. Dit suggereert dat de kwantitatieve Grp1 resistentie tegen G. 
rostochiensis en G. pallida waarschijnlijk bepaald wordt door één, of misschien meerdere 
nauw gekoppelde, dominante resistentie genen. 
 
SAMENVATTING 
 
 181 
Tot nog toe zijn er vijf dominante resistentie genen die absolute resistenties tegen de 
sedentaire plant-parasitaire nematoden geven gekloneerd. Vier van deze genen (Hero, Gpa2, 
Gro1-4, Mi-1.2) coderen voor intracellulaire NB-ARC-LRR receptor eiwitten, terwijl het 
vijfde resistentie gen codeert voor een atypische extracellulaire LRR receptor (Hs1pro1). Er is 
niet veel bekend van de moleculaire signalering die in gang gezet wordt door 
immuunreceptoren na herkenning van avirulente nematoden. Het H1 resistentie locus aan het 
distale uiteinde van chromosoom V van het diploïde S. tuberosum ssp. andigena genotype 
SH83-92-488 (SH) biedt bijna absolute resistentie tegen G. rostochiensis pathotypen 1 en 4. 
Het resistentiemechanisme van het H1 gen resulteert in een overgevoeligheidsreactie rondom 
de voedingsstructuur van de nematode, waardoor de verbinding tussen de voedingsstructuren 
en het vaatweefsel in de waardplant onderbroken wordt. Bij de start van dit thesis onderzoek 
was al een hoge-resolutie kaart van het H1 locus op basis van een SHxRH mapping populatie 
van aardappel beschikbaar (Bakker et al, 2004). In Hoofdstuk 4 is beschreven hoe genetische 
merkers van deze kaart zijn gebruikt om een BAC bibliotheek van SH te screenen. Op basis 
van overlap tussen de BACs, waarin één of meerder merkers aanwezig waren, is een fysieke 
kaart van deze regio voor het resistente haplotype gemaakt. Analyse van de DNA sequenties 
van de BACs uit de fysieke kaart laten zien dat het gebied in totaal 341 kb van chromosoom 
V bestrijkt, met daarop een groot cluster van CC-NB-ARC-LRR genen. Dit cluster van 
resistentiegen homologen is vervolgens vergeleken met de sequenties van dezelfde regio’s in 
de twee corresponderende vatbare haplotypes van het diploïde genotype RH89-039-16 (S. 
tuberosum ssp. tuberosum / S. phureja). Uit dit vergelijkend onderzoek bleek dat alle drie 
haplotypes resistentiegen homologen bevatten (17 tot 23 NB-ARC-LRR eiwitten), 
afgewisseld met een groot aantal transposons en genen die coderen voor extensine-achtige 
eiwitten en een aminozuur transporter. Het opvallende was dat sequenties van de 
resistentiegen homologen onderling redelijk geconserveerd waren, terwijl de posities van de 
homologen ten opzichte van elkaar in deze drie haplotypes sterk uiteen liep. Dit suggereert 
dat het H1 locus in aardappel onderhevig is aan uitgebreide herschikkingen door 
recombinaties in het chromosoom. De sequentie data en de merkers verkregen in dit 
onderzoek brengen het uiteindelijke doel, het kloneren van het H1 resistentiegen, weer een 
stap dichterbij. 
 
Dominante resistentiegenen in planten coderen voor immuunreceptoren die gevoelig 
zijn voor zogenaamde effectoren uit pathogenen en parasieten. Soms herkent een 
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immuunreceptor in een plant de effector direct als een ligand. De meeste receptoren in planten 
reageren indirect op effectoren van pathogenen, door de veranderingen die zij teweegbrengen 
in andere moleculen van de plant. In dit model fungeert de receptor als bewaker van andere 
lichaamseigen moleculen. Tot dusver is slechts één nematode effector (GpRBP1) bekend, dat 
herkend wordt door een plant immuun receptor. Pathogene schimmels en bacteriën hebben 
soms effectoren (aangeduid als suppressors) die de activering van afweerreacties door 
specifieke immuunreceptoren in planten onderdrukken. Aan het begin van het onderzoek dat 
in dit proefschrift beschreven is, was er nog geen suppressor gevonden in plant-parasitaire 
nematoden.  
 
In Hoofdstuk 5 rapporteren we de identificatie en functionele karakterisering van een 
effector in G. rostochiensis, die in staat is om innate immuniteit in planten te onderdrukken. 
Deze ‘Nematode Suppressors of Immunity 1’ (NSI-1) worden specifiek geproduceerd in de 
dorsale slokdarmklier van de nematoden. In natuurlijk populaties van G. rostochiensis komen 
veel verschillende varianten van NSI-1 voor. Analyse van deze varianten toont aan dat deze 
genfamilie onder sterke positieve selectie staat. Het tijdelijk uitschakelen van de expressie van 
NSI-1 met behulp van RNA-interferentie reduceert de virulentie van de nematoden. 
Daarentegen zorgt overexpressie van vier NSI-1 varianten in vatbare aardappelplanten dat de 
vatbaarheid van deze planten voor aardappelcysteaaltjes juist toeneemt. Opmerkelijk genoeg 
zorgde de overexpressie van drie andere NSI-1 varianten voor verhoogde vatbaarheid van 
aardappelplanten voor de schimmel Verticillium dahliae. In transgene aardappelplanten met 
enkele specifieke NSI-1 varianten gaat de verhoogde vatbaarheid voor ziekten samen met een 
verlaagde expressie van de transcriptiefactoren WRKY22 en WRKY53. WRKY22 en 
WRKY53 spelen een centrale rol in de signaal-transductie netwerken van het innate immune 
systeem in planten. Dit suggereert dat de verhoogde vatbaarheid voor ziekten ontstaat doordat 
deze NSI-1 varianten de innate immuniteit in aardappelplanten onderdrukken. Additionele 
ondersteuning voor deze stelling komt van de transiënte co-expressie van NSI-1 varianten 
samen met specifieke resistentiegenen uit aardappel en bijbehorende effectoren uit 
pathogenen. Bijvoorbeeld, sommige NSI-1 varianten onderdrukken de 
overgevoeligheidsreactie die normalerwijze optreedt bij de co-expressie van het resistentiegen 
Rpi-blb2 uit aardappel en AvrBlb2 uit de oomyceet Phytophthora infestans. Sommige NSI-1 
varianten onderdrukken ook de overgevoeligheidsreacties als gevolg van autoactive mutanten 
van het resistentie gen Mi-1.2 en een autoactieve resistentiegen homoloog uit het H1 cluster 
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van aardappel. En als laatste wordt een autoactieve mutant van NRC1, een intermediair in 
signaal-transductie netwerken van het innate immuun systeem, onderdrukt door één van NSI-
1 varianten. Alles bij elkaar leiden deze bevindingen tot de conclusie dat 
aardappelcysteaaltjes actief het immuun systeem van waardplanten onderdrukken. 
 
In de algemene discussie van dit proefschrift worden de belangrijkste resultaten in de 
bredere context van de recente ontwikkelingen op het gebied van moleculaire plant-pathogeen 
interacties geplaatst. Eerst beredeneren we dat de kwantitatieve resistentie Grp1 tegen G. 
rostochiensis en G. pallida wordt gecodeerd door één of meer NB-ARC-LRR genen uit de 
resistentie-gen clusters binnen het GP21-GP179 interval op chromosoom V van aardappel. 
Verder bediscussiëren we de huidige obstakels en mogelijke oplossingen voor het kloneren 
van het H1 resistentie gen tegen G. rostochiensis. Ten slotte gaan we dieper in op het 
mogelijke werkingsmechamisme en de verdere implicaties van NSI-1 effectoren als 
onderdrukkers van aangeboren immuniteit in planten voor de veredeling van nematode 
resistentie in aardappel.  
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Podsumowanie 
 
Osiadłe nicienie pasożytnicze roślin wykształciły w procesie ewolucji zdolność do 
przekształcania komórek korzeni roślin żywicielskich w złożone struktury odżywcze. Te 
wielokomórkowe twory pozwalają nicieniom na ukończenie cyklu życiowego wewnątrz 
jednej rośliny żywicielskiej. Uważa się, że inicjacja i utrzymanie tych struktur odżywczych 
odbywa się za pośrednictwem białek (tzw. efektorów) wytwarzanych przez grzbietowe i 
brzuszne komórki gruczołowe nicieni. Jednak molekularne mechanizmy leżące u podstaw 
transformacji komórek gospodarza w struktury odżywcze a także rola efektorów w tym 
procesie są słabo poznane. Na przykład, powszechnie uważa się, że nicienie używają 
efektorów w celu ochrony swoich struktur odżywczych przed reakcją odpornościową rośliny. 
Jednak do tej pory, efektory nicieniowe odgrywające rolę w tłumieniu tej odporności nie 
zostały odkryte. 
 
Poszczególne gatunki osiadłych nicieni pasożytniczych różnią się pod względem zakresu 
roślin żywicielskich począwszy od bardzo szerokiego (np. guzaki południowe) do 
stosunkowo wąskiego, ograniczonego do roślin z jednej rodziny (np. mątwik ziemniaczany). 
Mątwik ziemniaczany poraża wyłącznie rośliny z rodziny psiankowatych i powoduje znaczne 
straty w plonach na kluczowych obszarach produkcji ziemniaków. Kontrolowanie populacji 
mątwików za pomocą metod agrotechnicznych i środków chemicznych nie przynosi 
zadowalających rezultatów ze względu na występowanie w glebie struktur 
przetrwalnikowych tego pasożyta. Wprowadzenie na rynek nowych odmian ziemniaka 
odpornych na mątwiki ma więc ogromne znaczenie dla producentów ziemniaków na całym 
świecie. Odporność w nowych odmianach może jednak zostać po jakimś czasie przełamana 
na skutek pojawiania się zjadliwych populacji nicieni. Celem niniejszej pracy było zbadanie 
interakcji niezgodnej pomiędzy mątwikiem ziemniaczanym (Globodera rostochiensis) a 
ziemniakiem (Solanum tuberosum), poprzez analizę genów odporności na mątwika 
ziemniaczanego, a także białek efektorowych, które hamują odporność wrodzoną roślin. 
 
Niniejsza praca rozpoczyna się od szczegółowego przeglądu literatury dotyczącej 
molekularnych i komórkowych aspektów odporności roślin na osiadłe nicienie pasożytnicze, 
w tym odporności przedinfekcyjnej, odporności roślin nieżywicielskich oraz roślin 
żywicielskich (rozdział 2). Większość badań prowadzonych w wymienionych  dziedzinach 
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koncentruje się obecnie na odporności roślin żywicielskich, kontrolowanej przez jeden (np. 
H1 i Gpa2) lub przez kilka (np. GpaVSspl i GpaXISspl) loci oporności. Odporność roślin 
żywicielskich na osiadłe nicienie pasożytnicze roślin objawia się często zatrzymaniem 
rozwoju struktury odżywczej nicienia w wyniku reakcji nadwrażliwości w miejscu infekcji. 
Do tej pory opisano ponad pięćdziesiąt genów odporności na nicienie u ośmiu ważnych roślin 
uprawnych. Geny te odpowiadają za całkowitą lub częściową odporność na jeden lub więcej 
gatunków nicieni. Stwierdzono, że często zlokalizowane są w tak zwanych gorących 
punktach odporności na chromosomie, to znaczy w tych samym regionach co geny nadające 
odporność na inne patogeny roślinne. W niniejszej pracy przedstawiono badania dotyczące 
dwóch loci warunkujących odporność ziemniaka na mątwika, tj. Grp1 w rozdziale 3 i H1 w 
rozdziale 4. Poniżej przedstawiono najważniejsze wyniki badań. 
 
Większość genów odporności roślin na mątwiki to tak zwane loci cech ilościowych (QTL). 
Jednym z QTLi jest locus Grp1 nadający odporność na dwa gatunki mątwika Globodera 
pallida i G. rostochiensis. Został on wcześniej zmapowany na odcinku długości 3 cM 
krótkiego ramienia chromosomu 5 ziemniaka,  między markerem GP21 i GP179 w tzw. 
gorącym punkcie chromosomu (Rouppe Van Der Voort et al., 1998). Celem niniejszej pracy, 
przedstawionym w rozdziale 3,  było precyzyjne zmapowanie locus GP21. Posłużyła temu 
diploidalna populacja mapująca RHAM026 licząca 1536 genotypów, którą badano z użyciem 
markerów GP21 i GP179. Na tej podstawie wstępnie wyselekcjonowano 61 rekombinantów. 
W celu identyfikacji nowych markerów zaprojektowano trzynaście par starterów w oparciu o 
sekwencję genetyczną pochodzącą z tego samego regionu Solanum demissum. Wraz ze 
starterami dostępnymi w literaturze posłużyły one w zmapowaniu omawianego locus u 44 
rekombinantów. Rośliny następnie testowano w celu określenia poziomu odporności na G. 
pallida Pa2 i G. rostochiensis Ro5. Użycie danych genotypowych (obecność/brak markera) i 
fenotypowych (liczba cyst) w mapowaniu interwałowym pozwoliło na otrzymanie dwóch 
niemal identycznych krzywych z najwyższymi wartościami LOD (7.9 i 7.3 odpowiednio dla 
odporności na G. pallida i G. rostochiensis) na północ od markera TG432. Na tej podstawie 
wnioskujemy, że zarówno odporność na G. pallida jak i na G. rostochiensis zlokalizowana 
jest w tym samym regionie chromosomu, na odcinku długości 1.1 cM ograniczonym 
markerami SPUD838 i TG432. W tym regionie zmapowano  już wcześniej grupy genów 
kodujących klasyczne receptory odporności (NB-ARC-LRR). Odkrycie to doprowadziło nas 
do postawienia hipotezy, że odporność Grp1 zawarunkowana jest jednym lub kilkoma silnie 
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sprzężonymi głównymi genami odporności. 
 
Do tej pory sklonowano jedynie pięć genów kodujących absolutną, jakościową odporność na 
osiadłe pasożytnicze nicienie roślinne. Cztery z tych genów (Gpa2, Gro1-4, Mi-1 i Hero) 
należą do dużej grupy receptorów wewnątrzkomórkowych NB-ARC-LRR, podczas gdy piąty 
gen (Hspro1) koduje nietypowy zewnątrzkomórkowy receptor zawierający domenę LRR. 
Niewiele wiadomo na temat szlaków sygnałowych uruchamianych w ramach odporności na 
nicienie. Podobieństwa między genami odporności na nicienie i genami odporności na inne 
patogeny roślin pozwalają zakładać, że mechanizmy te nie działają w sposób diametralnie 
różny. Jeden z regionów odporności na G. rostochiensis patotypy 1 i 4 (H1) jest położony na 
końcu dłuższego ramienia chromosomu 5 ziemniaka w S. tuberosum. ssp. andigena (genotyp 
SH83-92-488 - SH). Prawie absolutna odporność na mątwiki, warunkowana przez region H1 
opiera się na reakcji nadwrażliwości w komórkach otaczających struktury odżywcze nicienia, 
tak, że zostaje on odizolowany od tkanki naczyniowej gospodarza. Szczegółowa mapa tego 
regionu została wygenerowana już wcześniej przy użyciu diplodalnej populacji mapującej 
SHxRH (Bakker et al., 2004). W rozdziale 4, użyliśmy markerów pochodzących z tej mapy 
do przeszukania biblioteki BAC (sztuczny chromosom bakteryjny) skonstruowanej z DNA 
genomowego pochodzącego od diploidalnego ziemniaka SH, źródła odporności H1. 
Znalezione klony BAC posłużyły do skonstruowania mapy fizycznej obejmującej region H1 
w odpornym haplotypie. Zsekwencjonowanie insertów wchodzących w skład mapy fizycznej 
pozwoliło na identyfikację fragmentu genomu o długości 341 kpb, i ujawniło, że znajduje się 
na nim duża grupa genów, należących do klasy CC-NB-ARC-LRR receptorów odporności. 
Tę  grupę homologów genów odporności porównano następnie z sekwencjami pochodzącymi 
z dwóch haplotypów wchodzących w skład wrażliwego na mątwiki genotypu RH89-039-16  
(S. tuberosum. spp. tuberosum / S. phureja), obejmującymi odpowiednio 700 i 319 kbp. 
Adnotacja sekwencji genomowej pochodzącej od wszystkich trzech haplotypów pozwoliła na 
identyfikację od 17 do 23 homologów genów oporności w jednym haplotypie. Pozostałe geny 
w tym regione okazały się kodować głównie transpozony, białka podobne do roślinnych 
ekstensyn oraz transportery aminokwasowe. Co ciekawe, u trzech zanalizowanych 
haplotypów ogólny porządek genów nie jest zachowany a  podobieństwo sekwencji ogranicza 
się tylko do homologów genów odporności. Wyniki te wskazują, że region H1 został 
ukształtowany w wyniku szeroko zakrojonej rearanżacji tego fragmentu genomu ziemniaka. 
Dane sekwencyjne i nowe markery oparte na wynikach z tej pracy pozwolą w przyszłości na 
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przyśpieszenie sklonowania genu odporności na mątwiki H1. 
 
Odporność roślin na patogeny polega w dużej mierze na aktywacji szlaków sygnałowych po 
wykryciu przez roślinę obecności patogenu. Szlaki te prowadzą do złożonego systemu reakcji 
odpornościowych zmierzających do wyeliminowania bądź zahamowania patogenezy. 
Patogeny zazwyczaj zdradzają się przez zmiany, które ich białka efektorowe wprowadzają w 
komórkach gospodarza, często poprzez bezpośrednią interakcję z jego białkami. Do tej pory 
znaleziono tylko jeden efektor pochodzący z nicieni (GpRBP1), o którym wiadomo, że jest on 
rozpoznawany przez roślinne białko odporności na mątwika (Gpa2). Wiadomo również, że u 
bakterii i grzybów chorobotwórczych roślin w procesie ewolucji pojawiły się 
wyspecjalizowane białka, zdolne do zahamowania reakcji obronnych uruchamianych przez 
specyficzne białka odporności roślin. Na początku badań opisanych w tej pracy podobne 
supresory odporności nie zostały jeszcze znalezione u nicieni. W rozdziale 5 opisano po raz 
pierwszy identyfikację i funkcjonalną charakterystykę białek efektorowych wydzielanych 
przez G.rostochiensis i używanych do tłumienia wrodzonej odpowiedzi immunologicznej 
roślin. Białka te nazwane przez nas Nematode Suppressor of Immunity 1 (NSI-1) są 
wytwarzane w grzbietowej komórce gruczołowej przełyku nicieni, a ich ekspresja jest 
ograniczona do stadiów rozwojowych, w których nicienie pozostają w bliskim kontakcie ze 
strukturami odżywczymi. W rozdziale tym zidentyfikowano wiele wariantów NSI-1 w 
populacji G. rostochiensis Ro1-Mierenbos i pokazano, że gen ten podlega silnej 
dywersyfikacji i pozytywnej selekcji. Wyłączenie transkrypcji NSI-1 za pośrednictwem 
interferencji RNA wpływa na zmniejszenie liczby nicieni, z których rozwijają się dorosłe 
samice. Z kolei nadekspresja czterech wariantów NSI-1 we wrażliwych roślinach ziemniaka 
prowadzi do zwiększenia ich podatności na nicienie. Co więcej, nadekspresja trzech innych 
wariantów NSI-1 prowadzi z kolei do zwiększenia podatności roślin ziemniaka na grzyba 
Verticillium dahliae. Obserwowana w roślinach transgenicznych wytwarzających NSI-1 
represja homologów ziemniaka podobnych do czynników transkrypcyjnych WRKY22 i 
WRKY53 z Arabidopsis thaliana sugeruje, że NSI-1 ma wpływ na podstawowe szlaki 
sygnałowe odporności roślinnej. W teście polegającym na przejściowej ekspresji białek w 
liściach Nicotiana benthamiana za pośrednictwem infiltracji przy użyciu Agrobacterium 
tumefaciens, kilka wariantów NSI-1 okazało się hamować nekrotyczną odpowiedź 
nadwrażliwości spowodowaną przez koekspresję specyficznych białek odporności i 
odpowiadających im efektorów patogenów (tj. RBP-1/Gpa2 i AvrBlb2/Rpi-blb2) oraz reakcję 
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wywołaną przez autoaaktywne mutanty białek odporności Mi-1.2 i przez jeden z homologów 
genu oporności H1. Co ciekawe, jeszcze inny wariant NSI-1 hamuje reakcję nadwrażliwości 
wywołaną przez autoaktywnego mutanta białka sygnalizacji odpornościowej NRC1. Wyniki 
te pozwalają nam stwierdzić, że mątwiki wydzielają supresory odporności roślin, 
prawdopodobnie w celu ochrony struktur odżywczych  inicjowanych w tkankach rośliny 
żywicielskiej. 
 
W ostatnim rozdziale tej pracy, nasze wyniki badań staramy się przedyskutować w szerszym 
kontekście najnowszych odkryć z dziedziny interakcji molekularnych między roślinami i 
drobnoustrojami. Na początku próbujemy dowieść, że u podstawy ilościowej odporności na 
mątwiki Grp1 może znajdować się jeden lub kilka silnie sprzężonych genów należących do 
klasy NB-ARC-LRR i do jednej z grup genów zmapowanych wcześniej w przedziale GP21-
GP179 na chromosomie V ziemniaka. Następnie analizujemy przeszkody i podajemy 
możliwe sposoby na usprawnienie procesu izolacji genu odporności H1 na mątwika 
ziemniaczanego. Na koniec omawiamy możliwe funkcje, działania i ewolucję nicieniowych 
efektorów NSI-1 jako supresorów wrodzonej odporności roślin. 
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